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CHAPTER I

INTRODUCTION

The CO2 molecule is one of the most important
atmospheric molecules because of the vital role it plays in
the heat balance of our atmosphere. The 002 concentration
in the earth's atmosphere has dramatically increased over
the last 100 years. The predicted global temperature
increase as a result of this CO2 build-up in the atmosphere
is a problem of international concern which will have to be
faced in the near future. Aside from the atmospheric

concerns, the CO, molecule is a subject of interest from

2
the molecular physics point of view.

One of the goals of molecular physics is to describe

E
a W
1

. »

the energy states of a molecule from first principles, that

I
1
t
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.
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is by solving the Schrddinger equation for the electrons

>
e

by 5, 4y .
P A
a a4, 05
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and the nuclei making up the molecule. Although in

v

AN NEN

principle such a calculation is possible on a digital
computer, in practice, such a massive calculation

involving so many degrees of freedom would be extremely
difficult on any existing computer or any of the near
future. At present, the computational problem is made
manageable through the use of a number of approximations,
the most important of which is the Born-Oppenheimer
approximation.1 In this approximation the rapid motions of

the electrons are considered separable from the much slower

e
W Y




motions of the massive nuclei. The "cloud" of electrons,
assumed to readjust rapidly to each new configuration of
the nuclei, provides the molecular potential that "glues"
the molecule together. The shape of this potential "well",
or potential function, is generally determined by working
backward from the measured spectrum of the molecule.
This method provides far better accuracy than does
calculating directly the effect of the electrons as a
function of the nuclear configuration.

The energy due to the rotational and vibrational
motions of a linear molecule can be specified in terms of
the molecular constants G, B, D, and H. For diatomic

molecules these molecular constants have been successfully

related to the molecular potential function. However, for

5
2
"

s
t

-y
Y

more complex polyatumic molecules such as C02, it is still

ceer
P
R

‘e
“x,

somewhat uncertain how well the molecular constants G, B,
D, and H can be related to the molecular potential. One of
the reasons why this uncertainty still exists, in spite of
previous experimental work, is the difficulty of obtaining
experimental data on large numbers of rotation-vibration
levels, particularly on the higher energy levels. For the
present study, these experimental difficulties were
overcome by heating the CO2 sample to excite large numbers
of lines, using a high resolution Fourier spectrometer and
maxking extensive use of the computer for data analysis.

Tne o owient study consisted of determining for a number of
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different isotopic species the molecular constants G, B, D,
and H for as many vibrational states as possible. These
molecular constants were then compared to molecular
constants determined by other researchers. It is
particularly interesting to compare these molecular
constants with those calculated by Chedin,2 since in his
work he makes a single global determination of the CO2
potential function, instead of fitting each band or groups of
bands individually.

In order to extend the observable range of rotation-
vibration energy levels, the CO2 sample was heated to 800K.
Although heating the CO2 sample makes it possible to obtain
information on many rotation-vibration levels, the
resulting additional spectral lines greatly increase the
difficulty of analyzing the spectrum. The spectrum of hot
CO2 stretches across hundreds of wavenumbers and consists
of thousands of lines. As an example, see Appendix A,
where the 4.3 um region of the spectrum of a sample of CO2
with natural isotopic abundance is plotted. 1In order to
obtain meaningful information from experimental spectra,
individual rotation-vibration lines must be resolved.

The spectral measurements were made using the Air
Force Geophysics Laboratory (AFGL) high resolution

1

interferometer at resolutions of 0.007 cm ' for the 4.3 um

region and 0.006 cm-1 for the 2.8 um region. This study
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o~
;? was supported by the Air Force, since an increased
{_ understanding of the high temperature spectrum of CO2
%g relates to the problem of detecting the CO2 in the exhaust
%g plumes of rocket and jet engines.
;_ Huge quantities of data are associated with the high

Eé resolution broad band coverage of a complex spectrum.
‘{ Handling these data was made practical through the

; extensive use of computers. Although some of the computer EEE'
%ﬁ programs (software) had been developed previously, a Eﬁi
;E substantial portion of the effort associated with the &;:
- present study was spent in upgrading the existing software }}f
;3 and developing and implementing new techniques. The major ‘
1§ contributions made to the software development include: éjﬁ
r;. 1. Adding diagnostic and automatic error correction Esi
%i capabilities to the interferometer control software. SEE
,&E 2. Working out the procedure to perform arbitrarily iﬁf
?‘ large Fourier transformations using a fixed memory sizesw 3?&
v§3 3. Developing an interactive semi-automatic rotation- 5??
'Ea vibration line assignment procedure. ;:g
:;: This report on the study of high temperature CO2 is ;ﬁg
-ES composed of three main sections. The first section, figi
?g comprising the first three chapters, is introductory in E;;
;; nature. Chapter I is the introduction, Chapter II gives a i i?:
.:£ brief history of previous studies of the CO2 spectrum in the ' %gs
;§ 4.3 um region, and Chapter III is a review of the notation ﬁéi
v, and theoretical concepts used to describe the 002 molecule. ’:.ﬁ
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In the third section, Chapters
The conclusions and

the results and conclusions are presented.
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The second section, consisting of Chapters IV and V, gives
recommendations for future work are given in Chapter VII.

results are discussed in Chapter VI.

VI and VII,

Dk el i)

Chapter 1V describes the experimental setup, and Chapter V,

detailed information on how the study was carried out.

the data handling procedure.
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HISTORY i
l‘.'l\.-.
::::::::
The spectral study of high temperature CO2 is not new. f$ﬁ§
o .r\ -_:
What is new with the present study is using a spectrometer 33;&
. .
with both high resolution and wide spectral coverage so Y
R
that the complete high temperature rotation-vibration band 'iif
:"'-.":\‘
structures at 4.3 uym and 2.8 um could be observed with ::iﬁ
sufficient spectral resolution to resolve most of the 'ﬁif
LS
individual rotation-vibration lines. These new data make Ziﬁ
L
accurate line position determination for thousands of lines }12%
P
’

possible, including many lines originating from highly

excited rotational states.

In 1910, A. Trowbridge and R. W. WOod3 used one of

I i a0

B
LS B A T A
LI y

their recently developed blazed gratings to study a Bunsen i;b
burner flame. They observed peaks in the spectrum due to ;gég
CO2 at 4.2 um, 4.4 uym and 4.5 uym. Somewhat later (1922), Eéﬁl
E. F. Barker” realized by looking at both a room ?Z;ﬁ
temperature 002 sample and a Bunsen burner flame that the iii;
third peak observed by Trowbridge and Wood was an artifact i;ﬁ?
of observing a hot Bunsen burner flame through the cold 002 §i§
in the atmosphere. He observed that the band centered at Eﬁg
4.3 um was a doublet consisting of two distinct absorption &Eg
features (the unresolved P and R branches). By the 1950's 5?5
infrared spectrometers with sufficient spectral resolution §?§
had been developed to start observing the individual gﬁ€
PR
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rotation-vibration lines. E. K. Pyler et 53.5 used a ?;:
grating to make measurements on the 4.3 um spectrum of CO2
both in emission and in absorption. The emission

measurements were made by observing the flame from a agg
glassblower's torch. They used a grating spectrometer i;ﬁ'

with a spectral resolution of 0.2 to 0.3 cm | to obtain a i

_ e
wavenumber accuracy of about 0.02 cm 1.
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In 1968 a joint measurement was carried out on room RN

AN 1
v
4
o

temperature CO2 samples in the 4.3 um region by two groups, R

)
(O
3 .

Rf Oberly and K. N. Rao of Ohio State University and Y. H. ZLE
Hahn and T. K. MecCubbin Jr., of Pennsylvania State %3:
University,6 using grating spectrometers with moderate Eﬁg
spectral resolution. The spectral accuracy of their ;§§
combined measurement was approximately 0.004 em™'. In E:{
addition to observing transitions originating from the Sgg
ground vibrational state, they also observed several hot 5?;
bands with transitions originating from lower lying fﬁi
vibrational excited states. Egﬁ
During the 1970's the use of better infrared Eﬁ%
spectrometers and a varlety of infrared sources made ?%ﬁ
possible an increase in knowledge of the CO, molecule, ;;S
particularly of vibrationally excited states. 1In 1974, T. ;sé
K. McCubblin et 3l.7 used a grating spectrometer to observe E%g
the CO, emission from an electrical discharge in a low éé;
pressure C02-N2-He mixture. An electrical discharge can SEQ
raise the vibrational temperature of a molecule to &ﬁ:
RN

RN
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ol
g extremely high values while leaving the rotational
3

G temperature at approximately room temperature. By varying

E ] the components of the mixture and the electrical current of
E . the discharge, different vibrational series were observed.

Q In 1978, D. Bailly et 31.8 used a SISAM spectrometer with a
E resolution of 0.25 - 0.30 cm™' to observe additional hot

bands in an electrical discharge. At about the same time,
A. Baldacci et 3;.9 used a grating spectrometer with a

resolution of 0.02 - 0.03 em”

and a wavenumber accuracy of
about 0.003 cm—1 to observe a low pressure CO2 sample in a
24 meter absorption cell. The long path length made

possible the observation of lines originating from excited

rotation-vibration states.

During the last several years, high resolution :i;&i
Michelson interferometers and tunable lasers have made Eéié
possible very accurate measurements of the CO2 spectrum. g;ég
In 1980, G. Guelachvili10 used a high-resolution E;igi
Michelson interferometer to observe in absorption the ﬁ;fﬁ
Doppler limited spectrum (approximately 0.002 c:m'1 ;;;4
resolution) of a low pressure room temperature 002 sample. §§§£
He measured the position of rotation-vibration lines of the ﬁg&j
vibrational fundamental and several other hot bands with 1;:!
an accuracy of about 0.0001 cm'1. Since this spectral Eﬁﬁa
measurement was made using a room temperature sample, lines ég;g
originating from high rotational states were not observed. ;:;g
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In order to observe higher rotational lines, A. S. PineH *i;“
|\ ‘: ’\
used a tunable laser difference-frequency spectrometer to b
A
observe a CO2 sample heated to 985 K in a high temperature :&Qj
DA
absorption cell. He made measurements on the R-branch head Z;Qﬁj
. ’\ "\ >
P~}
of the vibrational fundamental and combined his data with . V&,.
N
o
the room temperature measurements of Guelachvili. Pine ;ﬁg;
AT
showed that the molecular constants obtained from ;xiﬁl
';'!.\ rf:.
Guelachvili's very accurate room temperature measurements »
N SR
do not accurately predict the position of spectral lines at RN
RN
high temperatures. :§"‘

The present study addresses the problem of obtaining
information on highly excited rotational transitions for a

large number of vibrational states of several different

isotopically substituted species of C02. A total of over i"

% Yy Rap
oA

PP

- 8000 lines belonging to 6 different isotopic species have ﬁﬁ

been identified in the observed spectra. The positions of

[

7~ L 7

s

'{" .l(
oy

these lines were measured with an accuracy of up to

]
v
1

»

RO
0.0004 cm™' for well isolated lines. Molecular constants ﬂ{?}

RO
for 73 rotation-vibration bands have been determined from ffﬁ?

7
Mah ]
P4
'

o
7 ]

these observed lines. The partial results of this

RIS
AR
continuing study have been published when they have become :Qx;;
ﬁ?vﬁ:
available. The 1201602 4.3 um results were presented at iﬂf{.
the 1980 Topical Meeting on Spectroscopy in Support of =
12 NGO
Atmospheric Measurements and were used as the basis of g}#\:
1 3 ‘:f‘ﬂl
the Ph.D. dissertation of M. P. Esplin. These results hjwk
L
were also incorporated into the AFGL 1980 compilation.1u K
18 s
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The molecular constants and line positions for transitions

in the 4.3 um region originating from the five lowest

7L

R’ vibrational states of 13C1602, 12C1802, and 120160180 and
q
e the v, fundamental of 13c166170 were published in the

Journal of Molecular Spectr‘oscopy.15 These line positions

were included in the AFGL 1982 compilation.16 To be

published17 in the Journal of Molecular Spectroscopy are

the molecular constants for additional transitions in the

4.5 um region originating from higher vibrational states of

13C1602 and 13C160180 and from the v3 fundamental of
13C16017

0. This article also includes molecular constants

12C160 12.16,18

for transitions in the 2.8 um region of 21 cC "0 70

and 12C1802.
In 1983, D. Bailly'® completed her Ph.D. dissertation

on the 002 spectrum observed in an electrical discharge

with an extremely high resolution Michelson interferometer.

SL) T
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She was able to determine the position of spectral lines

? with an accuracy of approximately 0.0001 cm'1. An
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electrical discharge is an effective technique for
achieving excitation of very high vibrational levels, but

not high rotational levels. Since Bailly's measurements

v Serintine
PO
e La e

included only a portion of the bands reported in the
present work, and do not include high rotational lines, her
- measurements do not supersede those of the present study,

except for spectral lines originating from low rotational
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states of some of the vibrational bands.

Many other spectroscopic techniques have recently been
employed to provide access to energy levels of carbon
dioxide not observed before at high resolution. Among

these approaches have been the heterodyne frequency

]
)

N

) 19a NS

measurements of laser-sequence band transitions (these e
Ao

have achieved very high accuracy, but not high rotational ;@j},
levels) and the long path room temperature absorption : .:.._-'_
L AC AN

measurements conducted at the solar facility at Kitt Peak 5$ﬂ§ﬁ
LACPC S

IS

National Observatory19b (these measurements provide PN
AL

information on transitions that are weak even at elevated ‘ﬂp;g
EACAGS

RIRReN

temperatures). e
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CHAPTER IT1I

CO2 THEORETICAL BACKGROUND

Carbon dioxide is a linear molecule with the two
oxygen atoms located on either side of the central carbon
atom. The oxygen and carbon atoms can be modeled as hard
spheres and the forces between them as springs. This model
helps in visualizing what will happen when energy is added
to the molecule. The molecule will vibrate in a number of
different ways as well as rotate as a whole. The same
motions occur for the real 002 molecule, but unlike the
case of the spheres and spring model where a continuum of
vibrations and rotations are possible, quantum mechanics
tells us that only certain discrete values of vibration and
rotation are possible. The purpose of this chapter is to
demonstrate how these discrete values of vibration and
rotation (or energy levels) are calculated. The transition
between the energy levels will also be examined.

In addition to the energy levels that arise from
vibrational and rotational motions of the nuclei, there are
also energy levels associated with the configuration of the
electrons. However, at the temperatures used in the
present study and using infrared radiation to probe the
molecule, sufficient energy is not available to raise the
molecule from the lowest electronic state. Even when

excited electronic states are not involved, the electronic

21
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configuration of the lowest state or ground electronic g

state may play an important role in determining the

VR CO A AN T XS SRS A
>
o

rotation-vibration energy levels of a molecule, since the . ;E\
N

orbital or spin angular momentum of the electrons can kﬁ

couple with the motion of the nuclei. The ground - E??
:? electronic state of the CO2 molecule 1is a 12; state so the géé
;g net orbital and spin angular momentum of the electrons is gﬁ:’
! zero. Hence, there is no net electronic angular momentum N
E to couple with the angular momentum due to the vibration Eizé
5 and rotation of the nuclei. éii
E The motion of the electrons, the vibration of the Lons
g nuclei, and the rotation of the molecule as a whole are igf
3 usually considered separately. The total energy of the CO2 Egi
i molecule is then given by 2##
:f-f Y
A E-E, +E +E., (1) :::
5 Sy
! where Ee is the electronic energy, Ev is the vibrational tﬁ&
? energy, and Er is the rotational energy. This is usually a l%%i
E good approximation, but it is possible that it is starting ;ﬁﬂ
5 to break down and is contributing to the discrepancies ;f,
EE observed (see Chapter VI) between the experimental line SEE.
' AN
E positions and the line positions predicted using the E;i
% molecular constants Chedin? calculated from an empirically %i;‘
i determined potential function. §$i
; The spectroscopic technique can not be used to obtain Eig‘
5 information directly about the energy levels of a molecule, ;;:
- R
: 22 AR
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instead information on the transitions between levels is
obtained, from which information on the energy levels can
be inferred. Lines in the absorption spectrum occur when a
002 molecule in a lower energy state absorbs a quantum of
energy and is raised to a higher energy state. Electronic
transitions are usually found in the visible portion of the
electromagnetic spectrum, while pure rotational transitions
are found in the microwave region. These transitions were
not observed as part of the present work and so will not be
considered further. Only the infrared transitions
involving changes in both vibration and rotational energies

are considered in the present study.

Vibration

The complex vibrational motions of a molecule can be
reduced to a set of normal modes if the system is
considered as being made up of small amplitude coupled
oscillators. Small amplitude motion implies that the
potential function is basically quadratic. The vibrational
motion of each normal mode is then that of a one

dimensional simple harmonic oscillator.

Simple Harmonic Oscillator. The present discussion of the

harmonic¢ oscillator follows that given by Herzberg.20 The
23
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potential energy of a one dimensional harmonic oscillator

is

V = zkx° . (2)
where k is the force constant, and x is the distance from
the equilibrium position. The energy levels and the
eigenfunctions of a mass, u, moving in a harmonic
oscillator potential can be determined from the one

dimensional Schrddinger equation

S B SRS R e e TaTe 2 LT e
N

- 2 .2

- -h—d;+12-kx2\l’-E‘¥. (3)
%.: 2u dx

- The resulting energy eigenvalues are

o

< k 1 1

: E, =AY/ (v e 3) =hv (v 3), (4)
i where v i3 the vibrational quantum number and v is the

o classical vibration frequency

% 1 K

) v V) (5)

In spectroscopy it is convenient to define the energy term

value G_ as
v E

\ v o v 1 1

[y ™ e— W e + = = + — . .

" Gv ho o (v 2) w (v 2) (6) RS

5 AR

fs -1 NN

-: The vibrational frequency w is measured in units of cm . \;41

N e

aN The orthonormal eigenfunctions for the harmonic t”
FJ 4

’, _ e

e oscillator are ;\;ﬁ

i _1.2,2 PO

o Y, (x) = N, H (ax) e 2 ) (7) hOYoh

) L

-"é where H 1is the Hermite polynomial of order n. The -

[ :: .

< =

}-' '.-

v -

b

Ny

I

E:.

e T Y RN e e e e e




normalization constant for each eigenfunction is
1

N = (—2—) 2 ,

n /m 2% nt

a = 2‘" /(%’Y) .

The Normal Modes of 992. The number of degrees of internal

freedom or number of normal modes of vibration for a linear
molecule is 3N - 5.21 Since CO2 is composed of three
atoms, the number of normal modes is 4. However, since the
two bending modes are degenerate, there are only three
modes with distinct energies. The normal vibrational modes
of the CO2 molecule are illustrated in Figure 1. The Vv,
mode 1s a symmetric stretch mode with an energy of wy =

1336 cm™'. The two orthogonal bending vibrations v,  and

Voy have an energy of 667 cm_1. The asymmetric stretch,

mode v, has an energy of w; = 2362 em”|. Instead of
designating the state of the molecule using the degenerate
v2x and v2y vibration quantum numbers, it i{s usually
preferable to use the quantum numbers v2 and %, where Vs is
the numbdber of quanta of bending vibrational energy and % is
the vibrational angular momentum about the internuclear
axis. The allowed values of . are Vo v2—2, . e ,2~v2,
v,

The energy of the CO2 molecule is the sum of the

energies in each normal mode. In the harmonic oscillator

25
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The three normal modes of vibration of the CO

molecule.
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approximation, the vibrational energy (neglecting the zero

point energy) of the CO2 molecule in a given vibrational

state characterized by Vis Voo v3 and &, is given by

Gv =WV ot ow,V, t w3v3 . (10)

Note, that in the harmonic oscillator approximation the
energy of a molecule is independent of .
So far this discussion has assumed a quadratic

potential function with no cross terms, which is not the

case for the real CO2 molecule. Since the effective

-‘ - -

potential includes nonquadratic terms and cross terms, the ?ﬂ?ﬁ*
LA

LGN

concept of normal modes breaks down somewhat, although it jij;q
J':'J'._'rl'

is still useful. However, correction terms must be added, 3&?&2
b

and the effects of interactions between vibrational states -{1;j
R A

must be considered. ~§Q§;
;:-':~':d'

If the interactions betweer states are not too strong, it

_!'~b -y

then by adding higher order powers of Vi v2, v3 and 12 to :{}if
Equation (10) as correction terms, energy levels which .

agree with experiment can be obtained. This expansion

including terms up to the third power of the quantum L
numbers is: : AN
sy
) . RO
Gy = Loogvy * 1 X5 vivy v X085+ 1y vyvevy v
i ij 1jk i
| PRRS0S
+ Y Y,V 22 (11) DRSS

{ 1871 :..:-‘,.::..::'
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Interaction Between Levels. There are CO2 levels for which

the interactions between levels are so strong that using an
expansion like Equation (11) fails. 1In such cases a full
Hamiltonian matrix is generated, Equation (11) can be used
to generate the diagonal elements and then the strong
interactions between levels are included as off diagonal
elements of the matrix. Alternatively, the cross terms can
be removed from Equation (11) before using it to create the
diagonal elements, then all interactions, not just the
strong interactions, would be included in the off diagonal
elements of the matrix. The energy levels are obtained by
diagonalizing the Hamiltonian matrix. For CO2 the main
interactions are Fermi, Coriolis, and f&-type doubling.

The amount that the energy levels will be effected by
the presence of interactions between states depends not
only on the strength of the interaction term but also on
how close in energy the unperturbed levels would have been.

To illustrate this effect consider a two state system
with energies E1 and E2 and an interaction between them of
W. The new energy eigenvalues, taking into account the

interaction between the two states, will be
1
E, + E, + [(E, + E;))2 - U(E,E, - W2)] 2
1 2 - 1 2 172
A- 2 . (12)

Let the new energy levels be represented by A* and A ,
where A" is the energy levels using the (+) sign in

Equation (12) and A~ is the energy level when the (-) sign
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is used. Each of the original energy levels will be
shifted by an amount A. The level E:2 is assumed to have

an energy greater than or equal to E so that

1°

x"-E2+A
and (13)

A= E1 - A .
The difference between the two new energy eigenvalues is
A=A = E, - E, +28 . (14)

From Equation (12) it can be seen that,

+

A" - AT = [, + EpZ

1
2 =
5)° - W(E,E,- W Y] 2 . (15)

Combining Equation (14) and (15) and solving for A/W

results in

- (/P - x) (16)

=i>

where x = (E, - E,)/W. The value of A/W is tabulated as a
function of x in Table 1. Equation (16) or Table 1 provide
a means by which energy shifts caused by a perturbing
levels can quickly be determined.

In order to determine the mixing between states 1t is
necessary to calculate the eigenvectors. The eigenvectors
for a two level system are calculated by substituting the
eigenvalues given in Equation (13) back into the

Hamiltonian matrix of a two level system with interaction

29
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Table 1. The amount the energy levels are perturbed and -
the amount of mixing of states as a function of T

x, where x = (E,- E,)/W. .

LAY

AN

A

.

:“_.-;_:_

10062 RSoSs

X A (% mixing from -k,

W perturbing state) o

0 1 50 ol

0.01 0.995 49.8 IEREhe
0.02 0.990 49.5
0.0k 0.980 49.0
0.08 0.961 48.0
0.1 0.951 47.5
0.2 0.905 45.0
0.4 0.820 40.2
0.8 0.677 31.4
1 0.618 27.6
2 0.414 14.6
. 4 0.236 5.3
. 8 0.123 1.5
" 10 0.099 1.0
20 0.050 0.2
N 40 0.025 0.1
" 80 0.012 0.0
- 100 0.010 0.0

term W. The resulting normalized eigenvectors are:

a b
and , (17)
b -a
where 1 A
W
a = : 5 1 and b = : 5 i (18)
[Cg) +1 ]2 [Cg) +1 12

Each new state consists of a contribution from the original

state plus a contribution from the perturbing state. The
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o percent mixing from the perturbing state, given by 100b2, Yy
)

s

is also tabulated in Table 1. If the percent mixing is 50%

Yy

g then the original state is equally mixed with the gg

§ perturbing state. ?E
‘ It can readily be seen from Equations (16) and (17) or {¢}4
53 Table 1 that for the same size of off-diagonal term W, the éfiﬁ
i amount the energy levels will be perturbed, as well as the gﬁﬁg
- amount of mixing of sta%tes depends on the energy separation :;ﬂﬁf
is of the original energy levels. Eig;
,§ The strongest interactions between 002 states are &igﬁ
: caused by Fermi resonance. Cross terms in the potential Eifj
.; function result in nonzero off-diagonal elements in the §§§§
.G Hamiltonian matrix. Fgrmi resonance only occurs when there Z§§E
- is a common & (common symmetry type) for the interacting ;;-g
E statesf It arises due to the interaction between the E&%g
.; symmetric stretch Vi and the bending mode Vo it occurs ggﬁf
- between states of the form (v,,v,+2,v3) and (v,+1,v,,v,). %ﬁ;ﬁ
72 The mixing between affected states is particularly strong ES&E
'E since the energy of the symmetric stretch w, = 1336 em™! is EEE:
: approximately equal to 2w, = 1334 em™'. For example the 9?3?
i interaction term W between the state with v, =1, v, = 0, Séﬁi
é and v3 = 0 and the state with vy = 0, vy = 2, and v3 = 0 is Eias
; . approximately 50 cm-1, so x would be (1336 - 1334)/50 = !:?!
.é 0.04 . From Table 1 it can be seen that each state will be ‘%E
LE perturbed by 0.98W and that the states are nearly uniformly _%

.
mixed (49% mixing). TN
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This large amount of mixing of states makes the

N

N identification of states by the quantum numbers Vir Voo v3, ?&i-

- - .-t,'
E} and % ambiguous. To minimize this ambiguity instead of e
4 : e
1 .
a using the usual Herzberg notation for triatomic molecules, ".

in which the vibrational states of a molecule are given as '}ﬁi

v1v§v3, a notation developed by W. S. Benedict,22 known as .j

the AFGL notation was used. In the AFGL notation the s

vibrational states are identified by v1v22v3r, where "r" is :ﬁgt,

the ranking index assigned to each member of a Fermi ;ﬁE:'

.:_. o

resonating group of levels. When a state is not involved f'ﬁ

in Fermi resonance, r = 1 and the AFGL notion is

essentially the same as the Herzberg notation. For

example, the state 0110 in Herzberg notation is 01101 in

AFGL notation. When Fermi resonance is present the ‘iﬁﬁ

A
ranking index, r, is appended to the quantum numbers of the ;EEE
interacting state with the highest Vye For example the ;%i'
AFGL notation for the two states 1000 and 0200, which are E%ig
highly mixed by Fermi resonance, is 10001 and 10002. The ﬁgz’

AFGL notation is compared to the Herzberg notation in Table

a8

2. To i{llustrate the position of the different vibrational

i fa

SN
VTS
A 13 an energy level diagram for 1201602 is given in ﬂ#&j
sy
Figure 2. e
TR
In classical mechanics the apparent tangential force #ﬁ%L
:‘:\" )
on an object as it moves radially in a rotating coordinate :ﬁéﬁé
Ty
system is called the Coriolis force. A similar effect is b o

32
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Table 2. Comparison between

Herzberg and AFGL notations

-------------

1330, 0530

05°

10%1, 0291

0

0221

2110, 130, 050

Herzberg AFGL
3
(v1v2v3) (v1v22v3r)
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00% 00001
o110 01101
10%, 02% 10002, 10001
0220 02201
1170, 03'0 11102, 11101
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observed for the 002 molecule. As the molecule rotates,
the radial vibrations vy and v3 become coupled with the
bending mode Vo This interaction, called Coriolis
interaction, takes place between states of the form
(v1,v2,v3) and (v1-1,v2-1,v3+1).21 As in all molecular
interactions, if the effects are to be strong, the energies
of the interacting states must be approximately equal.

The f-type doubling interaction occurs for non-I type
vibrational levels (& # 0). Each vibration-rotation energy
level splits into two levels under the influence of & -
type doubling, an "e" level with a symmetric wave function,
and a "f" level with an antisymmetric wave function. The
degeneracy of the e and the f energy levels is removed by
the rotation of the molecule. More information about &-
type doubling will be given in the next section of this

report.

Rotation
In addition to internal vibration, the CO2 molecule
rotates. The effects of rotation, assuming the molecule is
completely rigid (rigid rotator), will first be considered.
Then the assumption of rigid rotation will be relaxed and

the effect on the energy levels will be investigated.
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Rigid Rotator. If a molecule is only to rotate, the

potential energy is a constant. The Schrédinger equation

23

has solutions which are single-valued, finite, and

continuous when

K23(J + 1)

- , (19)

E-

wnere I is the moment of inertia of the molecule about an
axis perpendicular to the internuclear axis. The moment of

inertia of a linear polyatomic molecule is

N 2
I = L mr,, (20)
. 1 1
1
th

where mi is the mass of the i nucleus and Pi is the

distance from the center of mass. 1In spectroscopy it is

convenient to give energy in terms of the rotational term

value defined as F(J) = E/hec, given by
F(J) = —3— J(J + 1) = B J(J +1) , (21)
81°el
where the rotational constant B is defined as
B = b (22)
8wZfcl °

The average moment of inertia of a molecule is a function

of the vibrational quantum numbers. Hence, the rigid

rotator B in Equations (21) and (22) must be replaced by

Bv' which is a function of vibration.
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Nonrigid Rotator. The CO2 molecule is not totally rigid, as
it rotates it also deforms. The largest of these
deformations is a centrifugal stretch. This stretch
increases the moment of inertia or decreases Bv. The
. effects of the molecular stretch as well as other

distortions are taken into account by adding higher order
terms with coefficients Dv and Hv to the expression for
the rotational energy (Equation (21)). The rotational

, term value becomes

F(v,d) = B, J(J + 1) = D (3(J + 1)}

3 SECICIRPILS (23)

A
L e I

&
»

When these distortion terms are included, the rotational

l/{~n~
s
AN l.'i'

o ¥

energy of the molecule can be expressed with the same

‘I".I
. TN
...'l

accuracy that i{s observed experimentally.

For non-% type levels (22 > 0), each energy level is
3plit into two levels under the influence of rotation. The
effects of this 2-type doubling can be taken into account
by using two sets of rotational constants, one for the e
levels and the other for the f levels. The
interdependencezu between these two sets of rotational
constants is a function of %. When £ = 1, the vibrational
term values Ge and Gf are equal. When & = 2, in addition
to having Ge equal to Gf, the rotational constants Be and

Bf are equal. Wwhen 2 = 3, then Ge = Gf, Be = Bf, and

De - Df. When & 2 4, H_ and Hf are also equal.

e

AN, B N ST S F TS ORYRE L LA T Y T— s s RS S ——w v = -
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Intensities

The absorption, Av’ of a gas at frequency v is defined

as
I\)
A\) = 1 - I—g ’ (214)

where I; is the intensity of the light at frequency v
before it enters the gas sample and Iv is the intensity
after exiting the sample. If we assume a gas sample of
uniform density and in thermal equilibrium along the

optical path, the absorption is given by

= - e AV} Y (25)
\Y

where kv is the absorption coefficient for a given spectral
line and 1 is the optical path through the gas sample.
When N spectral lines are present the absorption at

frequency v is given by

N
1
A =1 - e Lk, 1 (26)
V] 1

where ki is the absorption coefficient for the ith spectral

feature at frequency v. The integrated intensity, S, is

given by

S = [“kv dv , (27)
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and is related to the molecular parameters as follows:
Von he

mm L1 e kT } , (28) RS

S = Nm an hv

where Nm is the number of molecules in the lower state m, s

. an is the Einstein transition probability of a molecule

N going from state m to state n, and hvm is the energy of

n
.. the absorbed photon. The first two factors of Equation

(28), Nm and B will be discussed in more detail in the

mn’

P

next two sections of this report. The factor in brackets

PR R

ot Teal
s r .

is due to stimulated emission. Stimulated emission has the

P

effect of reducing S. However, in the 4.3 um region at I

-
.

« T e

S .

DO

temperatures less than or equal to 800 K, the stimulated

emission term differs from 1 by not more than 0.015.

SOOI

Number of Molecules i

a Given State. The first factor in

j: Equation (28), the number of molecules in states of energy
E, will now be considered in more detail. It is this term
" in the expression of the intensity that explains why

heating a gas sample makes possible the observation of

4'.'“‘ PO 'l.

thousands of additional spectral lines.
The probability that a molecule in thermal equilibrium

will have a given energy E is proportional to the

ot

degeneracy of that level and to the Boltzmann factor

e-E/‘T. If the energy of a state is large compared to the

CEOOONDEY

available thermal energy, kT, the probability of finding the

molecule in that state 1s small. As the temperature is

39
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increased the number of molecules in higher energy states
will increase. The fraction of molecules with a given
energy E is obtained by dividing by the partition sum,
which 1s approximately equal to the product of the
vibration and rotation partition sums. The number of

molecules in a state m is then given by

_ E(v,J)
N - %J—) e kT, (29)
r'v

where: total number of molecules
degeneracy of states
energy of the given level
rotation partition sum

= vibration partition sum.

The rotation partition sum is obtained by summing over
all rotational energy states of the molecule. Each term in
this sum is weighted by the degeneracy of the given energy
level. The degeneracy of a rotational state with J quanta
of angular momentum 1is 2J+1. When the energy is
approximated by BJ(J+1)hc, (the first term in Equation (23)

times hc) the expression for the rotation partition sum

becomes

Q = & (20+1) e kT BJ(J+1) | (30)
J=0

This sum can be approximated by an integral to yield an

approximate value for the rotation partition sum,

r - Thcs (31)

ve)
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Replacing the sum by an integral is a very good L*‘x.
approximation, particularly for the higher temperatures.

A good approximation to the vibration partition sum,

Qv’ is obtained by summing over the energy levels which

result from the harmonic oscillator approximation. Each -jf%j
term in the sum must be welighted by its degeneracy. The fi;

- ':-:’\.
degeneracy of the vy and v3 vibrational levels is unity. SN

In the harmonic oscillator approximation all states with a
common & but different & have the same energy, therefore
the degeneracy of the vy levels is v2+1 . For example if

vy = 5, possible values of % are 5, 3, 1, -1, -3, -5 making

6 states in all. Remembering that the energy in cm_1 of

each of the three normal modes are respectively Wys Wo, and ff >
w3, the vibrational partition sum is given by iigi&
Sy
Yeye
- © - ) hcw1v1 ) h0w2v2 ) h0m3v3 :{bii
Q, = I b L (v,+1) e kT e kT e kT . ST

Vo y,=0 v.=0 v,=0 2 E_.
1 2 3 (32) RS,
ot
DS
W e -
The sums on £ and v3 are simply geometric series and can 3$Q:
be readily summed. The sum on vy is slightly more _7515
complicated but can also be summed. After combining the iﬁi;
sums from the three fundamental modes, the vibration ?;ff'
partition sum becomes: ,;;N
TN
: : 2 1 PN
Q, - - w,he ] w,he i w3hc . (33) }:‘.:‘_:\
1-e kt 1-e kt 1-e kt PRGN
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Numerical values of Equation (33) are tabulated in Table 3. s
If instead of using the harmonic oscillator energy levels Lhw
v .-‘_'1‘1
.
to calculate the vibration partition sum, experimental 3;?
SN
energy levels were used, the resulting value of the '2{
.o
vibration partition sum would probably be more accurate. IRy
oy
Gray and Young have done such a calculation,25 but their ﬁﬁ%j
Lot
values for the vibration partition sum do not differ by e
more than 0.01 from those given in Table 3. ;;{f
lﬁﬁ;
Table 3. The CO, vibration partition sum, Q_, as a RGN
functign of T using the harmonic odcillator N
approximation. :ﬁ}x
BN
‘.i..\.‘l
w
RO
Temperature Q, 4
pay
100 1.00 i
200 1.02 el
300 1.09 .
400 1.22 ‘
500 1.40
600 1.64
700 1.93
800 2.28
900 2.70
1000 3.18

Einstein Absorption Coefficients. The Einstein absorption

coefficient, an, which is the second factor in Equation

(28), measures the rate at which molecules make the

transition from the lower state m to the higher state n by

42
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absorbing a photon of energy hvmn' The coefficient an is AN

equal to a constant times the square of the matrix element qg#

of the electric dipole moment gr™ L0

w
&

Ban = o5 [R™M2 . (34) 3

3n%c

It is instructive to calculate R™ for the case of a
simple harmonic oscillator potential. Let the lower
vibrational state be designated by v" and the higher by v',

then

v"v'
R

*
)
PR

- I vvn(x) M(x) Wv,(x) dx , (35) R

e
[ ]

S

where M(x) is the electric dipole moment of the molecule.

L
LA EANEN
A

h I '-"'- K

Expanding the electric dipole moment about the equilibrium

Aaw
PN

-

position and dropping higher order terms, yields

* ‘¢ ﬁf"
x.{y'(l:‘t. P
NN
_‘l.".". -1

LS

VYV 2 M) | v, (x) ¥, (x) dx

,\‘;3 T
e
vvs

o~
"

. I
& W PN
. .
. RS [
Ly 4 P -,
P )
et .
. PP
(3 ) tatet fatat T

*

dM
+ a;(o) j vvn

(x) x ¥ ,(x) dx . (36)

’
;“v\na ’

The first integral vanishes since the harmonic oscillator

»

eigenfunctions are orthogonal. The second also vanishes

SNy
except when v' = v" + 1, The transition moment then ﬁ;ﬁ?
o

becomes o
-

N et

V"V' dM 1 V" 1 dM V"““ ". ‘..,

Since the intensity of the electric dipole transition is
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proportional to the square of the transition matrix element
Rv"v" the intensity is proportional to the consecutive
integers 1, 2, 3, . . . for the vibrational transitions 0 -+
1, 1 +2, 2 + 3, and so forth.

The potential function for each normal mode of the
real CO2 molecule is of course not that of a simple
harmonic oscillator, but the general harmonic oscillator

behavior is still present.
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g2 CHAPTER IV RN
EXPERIMENTAL SETUP -

: S
3 The CO, sample used in this study was heated to make ﬁt%
G possible the observation of spectral lines originating from ﬁﬁg
ﬁ . high rotation-vibration states. The sample was placed in a ?j;i
a stainless steel absorption cell which was heated using an ;;i;
= electric furnace to temperatures up to 800 K. Heating the ;??:

CO2 sample excited so many rotation-vibration lines in the :fﬁf
i CO, spectrum that the use of a high resolution spectrometer §E§§
;; was essential to resolve individual lines. Furthermore, ii;:
'é since entire rotation-vibration bands were to be observed, S;Sﬁ
g broad spectral converage was also necessary. E;Si
. Although there were a number of spectroscopic 25%2
f¢ techniques that could have been used, a Michelson :Zi;
; interferometer was the most suitable candidate for 'Eﬁé
- providing the required high resolution broad band coverage. E?QS
2 Some of the other commonly used spectroscopic techniques i;ﬁﬁ
<ﬂ are: tunable laser, fixed frequency laser heterodyne, and %gi;
ﬂ scanning grating. Tunable lasers and fixed frequency laser E;%i
E heterodyne techniques provide more than sufficient ?EE;
1; resolution, but do not provide the required broad spectral EEE%
3 coverage. A scanning spectrometer using an extremely large sﬁé
t} ' grating could conceivably have been used to make the ;fgg
; measurement, but since a grating is much less efficient E;Eﬁ
i- than an interferometer in making use of the energy supplied éﬁé
.ﬁ 45 ::'.-{:
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by the source, a scanning grating spectrometer was not
considered a viable alternative. It can be argued that
making effective use of the energy supplied by the source
is not necessary for absorption spectroscopy, since the
source can be made arbitrarily bright. However, a
practical limit for source brightness is soon reached,
making the efficient use of the source's energy important.
A further advantage of using a Michelson interferometer in
making line position measurements is the ease of accurately

calibrating the wavenumber scale.

Overview of Experimental Setup

A simplified schematic of the overall experimental
setup is given in Figure 3. A Nernst glower was used as
the source of the infrared radiation. A Nernst glower26 is
a small cylinder made of rare-earth oxides, which when
heated by passing an electrical current through it, has a
color temperature of roughly 1600 K. The energy from the
Nernst glower is first focused down so as to enter the high
temperature absorption cell. This absorption cell will be
discussed briefly in the next section. After exiting the
absorption cell the energy is again focused to an image,
where it is chopped using a Bulova vibrating reed chopper.
The chopped beam then passes through an infrared filter

which limits the energy in the beam to a spectral region of

interest. After passing through the infrared filter, the
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energy 1s collimated in preparation for entering into the

\d
’(

A

Michelson interferometer. The interferometer will be

\\ h.“ y
N
RAS
:g described in detail in a subsequent section of this ﬁﬁ:
- :\::~.
:f report. The entire optical path is maintained under SN
\' -

S

a vacuum, except for a small (5 cm) section between the

., &
L ]

R 1]

\

A
oL

~
;: high temperature absorption cell and the interferometer E?-
%& enclosure, which is purged with dry nitrogen. ;iz
N High Temperature Absorption Cell ?é&’
Eﬁ The design and fabrication of high temperature optical ;j;
SE systems are beset with many technical difficulties. A ;ﬁl
5% major problem is finding optical materials for windows and ;E:
5£i mirrors that maintain their mechanical and optical :E;
%i properties at high temperatures. 1In addition, the large %%'
-t thermal expansion the optical components experience when E&Ea
EE: being heated from room temperature to 800 K makes it é{;é
difficult to maintain optical alignment while avoiding "\ﬂ
Eﬁ stressing the optical components. Since the high -ggﬁ
é& temperature absorption cell used in this work has been ;ﬁ;j
Z :

described in other publioations27 only a brief description
of the cell will be given here.
The absorption cell was constructed using rhodium

coated fused silica mirrors in the Pfund configuration

N tw

(Figure 4). J. H. Taylor has demonstrated that a Pfund
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cell can be used affectively to study high temperature

gases.28 The absorption cell mirrors could be aligned at
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. room temperature and then the cell heated to 800 K without E{ES{
I realigning the cell, due to the Pfund configuration's high i;“,'
E tolerance to mirror motion. An additional reason for using gﬁéz
E a triple pass Pfund configuration cell instead of a multi- gﬁé?
| traversal cell such as a White29 cell was the low E_ée
E reflectivity of the rhodium mirrors. After the rhodium ;gzz
coated mirrors had been operated for any length of time at iii;

o
Y

temperatures above 600 X, their reflectivity was
substantially reduced.

One disadvantage of the absorption cell used was the
nonuniform temperature of the gas sample. Due to the

difficulty of maintaining vacuum seals at high

. TH 8 _R_R_FUNRS L 2 LW N " Y NEERS S o8&

’ temperatures, the CaF2 windows were maintained near room
i temperature, while the temperature of the central one-meter ey
3 region of the cell was maintained within + 2 K of 800 K. éggg
‘ The absorption path therefore consisted of three meters of '-3;3::
l uniform 800 K temperature and two sections of 1/4 meter g;iﬁi
é each in which the temperature rapidly drops from 800 K to %Egs
; near room temperature. Since the objective of the present agi;;
! study was to measure the position of spectral lines, and %ﬁéﬁ:
E the position of spectral lines is unaffected by .
E temperature, using an absorption cell with a nonuniform gas iiﬁi‘
! temperature was not a problem. However, if the scope of - %;ét
the study had been broadened to include making intensity E;ki
5 measurements of spectral lines, the present absorption cell . 351;
i would have caused serious problems. Although it is Ciiﬁ
TN
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possible to determine the intensities of spectral lines in
an absorption cell with a nonuniform temperature profile,
it is a complicated process for which the temperature
profile of the gas sample must be known. Determining the
temperature profile of a "ow pressure gas sample is not
simple, particularly since the temperature profile of the
gas 1is not necessarily the same as that of thg cell walls
due to the likelihood of convective gas currents within the

cell.

Fourier Spectroscopy

A Fourier spectrometer, unlike a conventional
dispersive spectrometer which records the spectrum
directly, encodes the spectrum making necessary the use of
a Fourier transformation to recover the spectrum. A
Fourier spectrometer uses the energy supplied by the source
very efficiently. The two main light gathering advantages
of a Fourier spectrometer over a conventional dispersive
spectrometer are, a multiplex, or Fellgett30 advantage, and
a throughput, or Jacquinot31 advantage. Unlike a grating
spectrometer, which scans each spectral element in
sequence, an interferometer is continually gathering
information on all spectral elements. This is the
multiplex advantage. The throughput advantage will be

discussed in a later section.
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Principle of Operation of QO

a Michelson Interferometer. A schematic that illustrates

the principle of operation of a Michelson interferometer is
given in Figure 5. A collimated beam of light from the
source falls on the beamsplitter (B. S.) and is divided
into two parts. One is reflected off the beamsplitter and
is sent to mirror M1, the other goes through the beam-

splitter and is reflected off the moveable mirror M2. Both

P S B A B Ve Te W WY e % B W W e eemm——— - . . .-

beams of light recombine at the beamsplitter where they
interfere; part of the light is sent to the detector, while

the remainder is reflected back to the source. The amount

¢ 2 WERT .. v ¥ 2 8

of light reaching the detector is a function of the

position of the moveable mirror M2.

] Let an incoming plane wave of amplitude A be

ei(21rox-wt.)

represented by A where w is the angular

frequency, and o is the wavenumber of the light. If the ‘b

amplitude of the wave transmitted through the beamsplitter g; R

is t and the amplitude of the reflected wave is r, the _ix:?

R

? intensity at the detector is B
' C‘ Ly ’-'(
l . bens ol
: Int = |rt A e1(2ncx1-wt) v tr A ei(2nox2-mt)|2, (38) Sk
: where X, is the round trip distance the light travels in tﬁ}ﬁ_
. ~".. \'
! going from the beamsplitter to mirror M1 and back again. b ‘;_
The corresponding distance for M2 is X,. By rearranging ;i;f:

RO

Equation (38) and letting x = X~ X5, we find that the B A
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Simplified schematic of a Michelson

interferometer.

Figure 5.
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53 intensity is given by RS
A R i
N
o Int = 2 A° |tr]2 (1 + cos(2mox) ) . (39) N
N oG
N 5 N
- The beamsplitter efficiency is [tr] . For a polychromatic ;ﬂg
source of intensity B(g) = A2, the intensity at the ) iiﬁ
N detector is e
= o )
v Int = OJ 2 B(og) |tr|® (1 + cos(2wox) ) do . (40) -
;? The part of Equation (40) that varies with optical path 'fj
ZE difference, x, is defined as the interferogram, I(x). ;2;
! o
i SRS
:‘I 2 ® .:'_.;‘:‘
o I(x) =2 |[tr| OI B(g) cos(2mox) do . (41) e
r
;{ The spectrum, B(o), i1s obtained by taking the Fourier T
?‘ transformation of the interferogram. ﬁ%g
- i
L\ The Fourier transformation can be defined as 3:ﬁ
'\" v
® :-.':_-.::
B(o) :QJ I(x) glmiox dx , (42a) N
LA
: R
LN
. and the inverse transformation as T
- IQ -27iox B
- I(x) =_) B(a) e do . (42b)
<~ _~:.
2 N
\-" \‘h';:!
r o
- When the input function is real and even, its Fourier C?ﬂ
. RN
- !. "
1 transformation reduces to the c¢osine transform. ;ﬂg
- WA
- bej
. @ _\_‘__ \
: B(o) = 2 OI I(x) cos(2mox) dx (43) ==Y
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Apodization. The interferogram produced by a real

O

Michelson interferometer can not cover the entire range of

) Y]

N

X, from -= to +», as was implied in Equations (41 and 42),

s

but is limited to the finite range -L to +L. Limiting the

. .‘L

P s 4

range of x to a finite range broadens the instrument

A

function of the interferometer. Any spectrometer provides

.

o

a spectral signal given by the true spectrum convolved

with the instrument function. A spectrometer with infinite
resolution generates no spectral distortion, so its
instrument function is a Dirac delta function. Real
spectrometers, however, provide a finite spectral
resolution.

If the input signal to a Michelson interferometer is a
monochromatic beam of light, the resulting interferogram is
a cosine function truncated at the maximum optical path
difference L. The resulting spectrum, i. e., the Fourier

transform of the interferogram, is

sinc(2Le) - 2in{2rlo) (u4)

Hence the instrument function for an interferometer, if no
other distortion is present in the measured interferogram,
is a sinc function with its first zero at 1/(2L). Hence,

the resolution, Ao, of a Michelson interferometer is

1
AO = ?Ij . (L‘S)

......
| SN
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P




3he sinec instrument function has a serious disadvantage, in
fhat it converges to zero very slowly. An instrument
function which exhibits faster convergence to zero than the
sinc function is created by removing the sharp edges at the
end of the interferogram by multiplying the interferogram
by various functions. This process is called apodization.

The function used to apodize the interferograms for

this work was the triangular function T given by

T(x) = 1 - l%i for |x|

[Fa
o

S (46)
: T(x) =0 x| > L
Application of the triangular function T for apodization

results in the following instrument function:

- sin(wLo)

2
wLo } )

sincZ(Lo) (47)
The instrument function with no apodization and using a
triangular function for apodization are compared in Table 4.
Note that with no apodization the central feature of the
instrument function is sharper, while with apodization the
side lobes converge to zero much faster. The disadvantage
of all functions used for apodization is their degradation
of spectral resolution caused by the broadening of the

instrument function.
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L Table 4. Comparison between no apodization (sinec) and N
triangular apodization (sinc”™) B i
. AN
: Jooa
e
: s
L- N
. AN
. X sinc(x) sinc? ()é(] .o
J‘C«‘.:-'"
AN
: O
‘. ".\'.._{n
. 0.0 1.0000 1.0000 BASANE

0.5 0.6366 0.8106
1.0 0 0.4053 T
1.5 -0.2122 0.0901 o
2.0 0 0 n
2.5 0.1273 0.0324
3.0 0 0.0450
3.5 -0.0909 0.0165 o
4.0 0 0
4.5 0.0707 0.0100 2
5.0 0] 0.0162 B
5.5 -0.0579 0.0067 e
6.0 0 -0 I
6.5 0.0490 0.0048 i
. 7.5 -0.0424 0.0036 N
: 8.0 0 0 RN
. 8.5 0.0374 0.0028 RN
. 9.0 0 0.0050 Y
9.5 -0.0335 0.0022 3 ‘

10.0 0 0
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" Sampling the Interferogram. In practice the interferogram ;-_.:__.:‘_-\
-3 produced by a Michelson interferometer is not a continuous :-'.E
. . function of x, but is a function which is sampled at g“;;}_
: equidistant intervals separated by Ax. These sampling ;‘:';
' locations are determined from the interferogram of a single ::E\E-:r
. frequency HeNe laser, which is coaligned with the infrared L:_."!J

e
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beam. The movable mirror M2 can either be stepped or
scanned continuously. In the stepping mode, the
interferometer is maintained at a fixed optical path
difference, Xy while the energy falling on the detector,
I(xi), is measured. Mirror M2 is then stepped to its next
position, and the next interferogram data point I(xi+1) is
collected.

The spectrum is recovered from the sampled
interferogram by means of a discrete Fourier
transformation. The discrete Fourier transformation is
obtained from the continuous Fourler transformation
(Equation (42)) by replacing x by jAx, o by kAo, and the
integral with. a summation over the total number of data

points N. Since the range of the interferogram is from -L

to +L the interval Ax is given by

AX = 3% . (u48)

Similarly the spectral interval Ag is

2 (omax_ °min)

bo = N : (49)
where %nin is the lowest wavenumber in the signal bandpass
and Omax is the highest. It can clearly be seen from

Figure 6, where two sampled cosine waves with different

periods appear identical, there must be a restriction on

the value that Ax can assume. This proper sampling
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interval, Ax, for a given spectral bandpass, is given -:.\ﬁ
by, 32+33
max min

Combining Equations (49) and (50) gives the following

important relation

1
AXAg = N (51)
This relation is then used to write down the discrete
Fourier transformation
N-1 2nikj
B(k) = J I(j) e W , (52a)
Jj=0
and its inverse
N-1 _ 2mikj
I(5) =+ T B(K) e — W . (52b)
N k=0

There is a certain amount of arbitrariness in the
definition of the discrete Fourier transformation. An
alternative definition which is more consistent with the

continuous Fourier transformation defined in Equation (42)

is
N-1 2wik
B(k) = ax ) I(j) e N , (53a)
j=0
and the inverse
N-1 2mikj PUAR
I(j) = 80 1§ B(k) e ~ N . (53b) v &
-0 =
:;::ﬁ::j
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However, Equation (52) is the definition of more standard

usage3u’35 and so will be used for the remainder of the
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present work.,
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Finite Field of View. A complication that arises with

Fourier spectrometers is that both the source and the
detector are finite in size. Therefore the light going
through the interferometer is comprised of rays with a
range of finite angular extent. The optical path differs
by a factor of cosa for off-axis rays compared to on-axis
rays, where a 1s the off-axis angle. When a detector of
finite size is used, the interferogram, Equation (41), has
to be modified by integrating over the solid angle, Q,

subtended by the detector,

I(x,Q) =2 |tr|2 J B(o) I cos(2mox cosa) do dQ'. (54)
Q

When the small angle approximation is used, and a c¢circular
detector assumed, @ is equal to waz. After integrating

over Q', Equation (54) becomes

I(x,0) = 2 [tr|° J B(o) @ sinc(E%%) cos{2mxo(1 - %?)J do .
(55)

It can be seen that a finite detector introduces two
effects; the amplitude of the interferogram is modulated by

a sinec function, and the positions of spectral features are




~ AOh
; b
s | S
’ s
¢ -'\-‘..-‘
n: z;‘.':.’
. shifted from their true position by ﬁq;;
o Came A
‘. - -
[
So _f IS
2 - = (56) e 3(:
A
A A
('" ~ ‘.
o™ The decrease in amplitude of the interferogram caused 53
A
by the multiplying sinc function can be reduced to an - :ﬂ!;
* \.'“.':'
- acceptable level by limiting the solid angle Q. The solid Wi
5 NAD
A angle is conventionally limited so that the argument of the ?Iﬁ}
- AN
sinc is always less than or equal to 1/2, i
4 A Wl
! J 4._._.
- Q¢ —T (57) e
- Smax o SN0
K i
TN
Lo
- where Smax is the highest optical frequency and L is the Eﬂ%
¢ Ll
p maximum optical path difference in the interferogram. :ﬁﬁg
< ) s'.'\- > )
’ o
- Alternatively the off-axis angle a for the detector must be A
X specified by e
. DA
K- : e -
RS ST
N max I
. B R
N When this criterion is used, the amplitude of the -gf?
‘f interferogram is attenuated by less than a factor of 0.64, f&;‘
» A
L even at the highest optical frequency. e
SR
3 B
2 Throughput Advantage. The throughput, E, or etendue, of an ~jflu
y NN
optical system is defined as ;3
..: - ’ .\'-\
._: E = AQ , (59) e
: T'.::: \
- F'\.
N where A is the area of the collecting optics, and @ is the QES
" ~ ~
e
solid angle accepted by the system. TR
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The throughput advantage of a Michelson interferometer
over a grating spectrometer is demonstrated by comparing
the throughput of the two systems. The throughput of a

Michelson interferometer, E is the area of the

m’
interferometer optics, A, times the s0lid angle accepted by

the interferometer (Equation (57)),

Am
E, = o - (60)

The resolving power of a spectrometer is defined as

(61)

>la
Q

Combining Equations (60), (61) and (45) gives the
throughput of a Michelson interferometer in terms of the

resolving power R as

2mA
E, =~ 5~ - (62)
The throughput of a grating spectrometer,36 Eg. is
1A
Eg - f_. ’ (63)

where 1 is the length of the grating spectrometer slit, and
f is the collimator focal length. The throughput advantage

of a Michelson interferometer is then

= = 1/F ° (64)
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It is very difficult to construct a grating spectrometer

for which the slit length, 1, is not considerably shorter
than the collimator focal length, f. Even when compared to

a very fast grating spectrometer,the ratio, Em/Eg, is on

PRETIE NS W g v S 2

the order of 200.36 AR
e

; Wavenumber Calibration. Aligning the infrared beam to be Ei?
i parallel with the laser reference beam does not insure i;%~
; accurate wavenumber calibration unless the solid angle g%f
i subtended by the two beams is identical. 1In practice, the éﬁé
é solid angle c¢© the laser reference beam is generally much ééi
y smaller than that of the infrared beam. The wavenumber :Efif'
S shift factor, Equation (56), depends on the solid angle 3%2’
i subtended by the detector, @, so it is necessary to S
E introduce a small correction to the wavenumber scale of the
E recovered spectrum. It is possible to measure the field of
i view of the infrared beam and the reference laser beam very
E accurately, and then calculate this wavenumber correction.
; However, in practice, it is usually easier to calibrate the
é wavenumber scale of the recovered spectrum using the
E position of a few very accurately measured lines. Since
3 Fourier spectrometers intrinsically provide broad spectral

)
7
:
»
f
’
’
]
n
-
i
!
.
»

coverage, it is not difficult to find a few lines of CO,
C02, or lines of some other molecule that have been as
accurately measured to serve as an internal wavenumber

standard.
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Beamsplitter Compensation. Beamsplitters used in the
infrared region of the spectrum are usually constructed
using a thin dielectric film deposited on a substrate
material which is transparent in the infrared. A schematic
of a Michelson interferometer showing the finite thickness
of the beamsplitter substrate is given in Figure 7. The
part of the beam that is reflected to mirror M1 and back to
the beamsplitter does not pass through the beamsplitter
substrate while the part of the beam which is transmitted
through the beamsplitter and subsequently reflected from
mirror M2 must traverse the beamsplitter substrate twice.
Since the optical thickness of the beamsplitter substrate
is a function of wavenumber, the position of zero path
difference for optical signals of each wavenumber is
shifted by an amount &§(o0). The interferogram, I'(x), which
including the effects of dispersion in the beamsplitter

substrate is

I'(X) - I B(O) e-ZﬂiOEX - 5(0)] do . (65)

There 1s now no clear position of zero path difference,
since the phase of each cosine wave comprising the
interferogram is different. To minimize this phase
difference, a compensator plate made of the same substrate
material as the beamsplitter is usually placed in front of
the beamsplitter to equalize the dispersion between the

two paths of the interferometer (Figure 8). In the case
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Figure 8, Beamsplitter compensation using an additional
compensator plate.
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of a cat's eye interferometer, such as the AFGL Two-meter
Interferometer, the input and output beams are physically
displaced. This physical displacement makes possible beam-
splitter compensation by depositing the beamsplitter
coatings on opposite faces of the same substrate plate

(Figure 9).

The AFGL Two-Meter Interferometer

The interferometer that was used for the present study
was built by Idealab for the Air Force. It is located at
the Air Force Geophysics Lab (AFGL) on the Hanscom Air
Force Base in Bedford, Massachusetts. Although the
interferometer was designed to achieve a maximum optical
path difference of two meters, for the present study a
maximum optical path of only 83 cm was used. The
interferometer is of the step and hold type, where the
interferogram is sampled at a fixed optical path

difference, the interferometer is then stepped to the next

‘ holding location and the next data point of the

interferogram sampled. A Digital Equipment PDP-8/E
minicomputer is used to provide the commands which control
the interferometer stepping. The PDP-8/E is also used to
record the interferogram data. The interferometer has been
used previously by Hajime Sakai to record the spectra of

several atmospheric molecules37'38
39,40

and has been described

in previous publications. During the course of the
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present study the reliability of the interferometer stepping

[4
A

has been markedly improved by upgrading the PDP-B/E

stepping control software. This enhanced stepping software

s A VLG LTI L A

provides detailed diagnostic information on all stepping
peculiarities and provides automatic self correction for

- the more commonly occurring stepping errors.

v
o
~
2

Overview of Interferometer. The AFGL interferometer uses

cat's eye retroreflectors instead of flat mirrors. A cat's
eye retroreflector consists of a small convex mirror
mounted at the focal point of a large concave mirror as
illustrated in Figure 10. The outgoing beam from a
cat's eye retroreflector stays parallel to the incident

beam, even when the incident beam is tilted with respect to

the optical axis of the cat's eye. There are two main

oA

advantages that a cat's eye interferometer has over a

e’

T h Yy

conventional flat mirror interferometer. First, due to the
property that the outgoing beam is parallel to the incoming
beam, the use of a cat's eye retroreflector relaxes the

required parallelism of the interferometer drive mechanism

and makes the interferometer alignment very stable. The

AFGL two-meter interferometer will stay in alignment for 3}

e
z

over a year at a time. The second advantage of a cat's eye
system is that the incident and the reflected beams are
laterally displaced allowing the use of two complementary

detectors. The resulting interferogram is the difference
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The optical layout of a cat's eye retro-
parallel to the incident ray.
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between these two complementary channels. Use of two

detectors helps minimize the effects of source fluctuations
and instrumental drifts. The two detectors and their
preamplifiers are matched, making the measured
interferogram insensitive to any perturbing effect which
influences both channels equally.

A photograph of the AFGL interferometer is given in
Figure 11 and a detailed schematic in Figure 12. The
infrared energy enters the interferometer from the bottom
in the photograph and from the left in the schematic. The
infrared beam first passes above mirror Mu and strikes the
upper half of the beamsplitter, BS, where it is divided
into two beams. One beam is sent to the stationary cat's
eye, CE1, and the other to the moveable cat's eye, CE2.
Since the cat's eyes introduce a shear, the returning beams
strike the lower half of the beamsplitter. One output beam
goes to detector D1 by means of folding mirrors M1 and M2
and collecting mirror M3. The second output beam goes to

detector D2 by means of folding mirrors Mu and M_ and

5
collecting mirror M6' The beam from the HeNe reference
laser follows a path similar to that of the infrared
energy. Mirror M7 directs the laser beam to the
beamsplitter where the laser beam is split into two beams.
After recombining again at the beamsplitter, one output beam

is directed to the laser detector D3 by means of folding

mirror M8 and the other goes directly to detector Du.
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interferometer
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The interferometer is housed in a vacuum enclosure.
There are three main advantages of operating an
interferometer in a vacuum. First, evacuating the
interferometer avo.ds the problem of atmospheric lines in
the spectrum arising in the instrument instead of from the
source to be observed. This i{s particularly important when
the observed source contains COZ' Second, no wavenumber
correction for the index of air need be made to the
spectrum. The index of refraction of air is not constant
for the laser reference frequency and the different
infrared frequencies. Therefore, when an interferometer is
operated in air, a non-linear correction term must be
applied to the measured spectrum. Finally, operating in a
vacuum, eliminates acoustic vibrations transmitted through
the air which can disrupt the interferometer stepping. To
further reduce vibrations, the interferometer enclosure is

mounted on a set of air filled vibration isolators.

The Interferometer Drive. The interferometer drive

mechanism provides a path length stability of approximately
0.01 um at each holding position, yet can be stepped to
provide more than a meter of optical path difference. This
represents a range of motion covering 8 orders of
magnitude. Three sources of change in optical path
difference are used, each with its own range of motion.

These are shown in the schematic of Figure 12, they are: 1)

75

o

ot

.
Naa

ANA

=

[N
o

0' " r
3,
y l‘ I.

N

'etalely
PR AN

.
4/

BLES
5] VAR

a_tatate

4 -.l
G %
B

"
o

|

"";l') 24



.
2

X
r.

ALTVINN L -« J DA

nJ

i .
W LN, L

o

JIR

",
i ‘,;'-L.‘l."‘- ‘;

a dc motor which drives a lead screw, S1; 2) a linear

magnetic motor, 32; and 3) a piezoelectric transducer, S3.
Large, but not very accurate, changes in optical path
difference are provide by the dc motor turning the lead
screw. The lead screw is coupled to the movable cat's eye
by a linear electric motor with a range of motion of about
1 em. Very delicate adjustments in path length are
provided by mounting the small mirror of the fixed cat's
eye on a stack of piezoelectric barium titanate crystals.
The piezoelectric stack is driven with up to 100 volts to
produce small (about 0.2 um) but fast changes in path
length.

Considerable care must be taken in the design of an

¥

interferometer to ensure that the moveable cat's eye will

w3
translate smoothly, while minimizing vibration and gﬁg
mechanical stresses. Thus, the movable cat's eye is kgff
mounted on a cart that rides on a set of precision ;ig
bearings. These bearings ride on two very accurately 5?;
aligned parallel stainless steel rails called ways. Also :
attached to the cart are two oil-filled dashpots to help '_7
damp out oscillations. 1In order to avoid vibration and ?Sg?
possible mechanical stress, the cart is coupled to the lead 2&3:
screw only through the magnetic induction of the linear fi;g
electric motor. iﬁfs
& n

s
'.I" Mg *

The three sources of motion are coupled together into

a single servo system to provide large, yet very accurate, RNy

AT
76 “x
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motor and the piezoelectric stack is supplied by the laser

% Re:
e N
% e
'- e
P
%
> vio$
L
i changes in optical path difference. An inductive type ‘-:-‘-;
‘E position sensor is used for the source of feedback for the Hf
\ 1
~
::-: lead screw motor. The feedback signal for both the linear E‘; X
LY .
N .
-

. pELI

reference signal. For a cat's eye interferometer, the

L]
IR NAA
"‘

- L
g' laser reference signal is the difference in signal between };?'
il the two complementary detectors. An example of the laser gﬁ;’
i; reference signal is given in Figure 13. When the signal is ;gk
Fi maximum, constructive interference is occurring at one ﬁg?
Sf detector and destructive interference at the other. When gS?:

‘A

N the signal is minimum, the role of the two detectors has ‘{a)i
"4 NS
) A
e been reversed. During the holding mode the interferometer AT
- _.r_'{
- is maintained at a position where the signals from the two S;?
. complementary detectors are equal. At this position the E&:
:": ;t'.a-‘
ﬁ? reference signal i1s the most sensitive to changes in path iﬁt
I ,\:_\‘
W length. e
N In the holding mode both the linear electric motor and §$2J
2 .
re. ot
2% the piezoelectric stack are used to maintain a fixed value N
oy T
~ of the optical path length. To carry out a one laser PV
Fﬁ wavelength step, the hold servos are turned off and the QE;
f;ﬁ :'.'.\
o linear motor drives the mirror to the next holding :3;
(e K
:’ position, where the hold servos are again turned on. When ;{5
;i the linear motor moves a short distance from the center of ;fﬁp
=" RGN
2 e
F- its working range, the d¢ motor drives the lead screw to =2§\
. e
" recenter it. ;ﬁf.
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Data Acquisition. The data acquisition system is a hybrid

system in which part of the processing is done with
dedicated electronics and part with a PDP-8/E minicomputer.
In addition to data acquisition, the PDP-8/E minicomputer
also controls interferometer stepping. Analog electronics
are used to difference the signals from the two
complementary infrared detectors, while synchronous

demodulation and signal averaging is performed with the

AN IR i N gl e e e e B
.

minicomputer,
A block diagram of the data acquisition and stepping
control electronics is given in Figure 14, The signals

from the two infrared detectors are slightly rounded 4100 Hz

square waves, since the infrared beam is chopped at 400 Hz

L ]
AN

by a vibrating-reed chopper before entering the

."./.",",' .
".. AP
-‘.
Py

-
et
s

interferometer. The signals from the two complementary

4
»
o

'y
I'
L

ey
B LA
'l'f..':

L]

LS

detectors are first amplified using separate preamplifiers.

Next, since the signals from the two infrared detectors are

; ._:\ I:‘-
T
not precisely matched, one of the signals is sent through a _3{§f
SR
variable gain amplifier in order to match the two signals. Sjﬁf

The two signals are then differenced. Since the signal
from the infrared detectors are complementary, this process

doubles the interferogram signal while canceling the signal

5 o

. from the background. The interferogram signal is next 3;5
. > '
matched to the range of the ADC (+#1 volt) with a variable ﬂxk:t
" J_\ '_\
gain amplifier. The interferogram signal then enters the Sj%p
o

analog multiplexer of the PDP-8/E data acquisition system.

wny
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To assist in the demodulation of the chopped signal, the e
F PD gnal, =
. inverse interferogram signal is also fed into a channel of :$}£¢
[ \.':\"\-"
R the analog multiplexer. Iiﬁﬁg
Ay
E Synchronous demodulation is accomplished digitally. 5252
KRN
L The computer is programmed to monitor the chopper reference f%qu
) iy
X signal to determine the state of the chopper. As soon as .if}ﬁ
. A

ao
A

the chopper opens the Digital Equipment 10 bit ADC

|
Catte

converter samples the signal repeatedly and sums the

B '.'.'.\"‘)
‘e "s
(]

samples into a double precision PDP-8/E 24-bit word. When ff ;3
the chopper closes, the resulting background signal is E*x?i
subtracted by switching the analog multiplexer to the Sr.sj
inverse interferogram signal and again sampling repeatedly ;ﬁgﬁ
and summing to the same double precision 24-bit word. The Elﬂfi
interferometer is typically maintained in the same holding ZEES%
position for 12 chopper cycles, and the interferogram :hth

LS e :.‘..Jlr

sampled 24 times each chopper cycle, making a total of 288

‘s

T BN
.. sl,
/

samples per holding position. Summing 288 10-bit samples

together improves the precision of the signal by a factor

of the square root of 288 or about 17, making the precision

of the data slightly more than 14 bits. After 640 points

of the interferogram have been sampled, averaged, and

stored in a buffer, they are then written on magnetic tape.

The buffer is filled repeatedly until the entire

interferogram has been recorded. The typical recording

time for a 106 point interferogram is 15 hours.
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Computer Control of the Interferometer. The PDP-8/E ;g

computer stepping and holding control software was upgraded Eéi

during the course of the present study. In this upgraded ‘ ig;

software system, in addition to generating the commands . tﬁ?

:E causing the interferometer to step, the computer monitors g
;z the quality of each stepping and holding period. The .E
ii quality of each stepping or holding motion is determined :;i
ﬁf from the characteristic of the laser reference signal. The :Ci
E; computer records detailed information about any stepping or Eff
» holding peculiarities that arise. The computer has also ;:‘
ij been programmed to take, if necessary, corrective action :§§
ié for the most commonly occurring errors. Making the systenm ;ﬁ
partially self-correcting has increased the reliability of
EZ the interferometer, but the most significant benefit has 7?
;E been the improved diagnostic capability. Before the :ﬁ
. computerized diagnostic feature was implemented, it was 1::
i almost impossible to determine the nature of infrequently gﬁ
§ occurring errors. When errors occur at rates as low as one ?ﬁ
- in 10,000 steps, or lower, it is almost impossible to E;
I§ "catch" the interferometer in the "act" of a misstep ﬁk
o AN
3 without implementing some sort of automatic error detection liﬁ
’ method. When the nature of stepping errors are known, the i Ej
3 servo parameters can usually be adjusted to eliminate the f§§
E errors, :;E
< >
A flow chart illustrating the main features of the -

:
, _f_'.\'
E 82 :','::'_;
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interferometer control and data acquisition computer
program is given in Figure 15. A listing of the assembly
language program CONTST (CONtrol and stepping TeST) is
given in Appendix C. The program was written with the goal
of multiplexing efficiently several tasks at once. For

------ e ela 2

h S h BN b2
CTAQiIpLT WiLLLCT

the ADC converter is in the process of
performing a conversion, the computer is processing the
results from the previous conversion. The analog
multiplexer on the Digital Equipment data acquisition
system makes it possible to sample the infrared
interferogram signals as well as to monitor the laser
reference signal with one ADC. The laser reference signal
is monitored only while the signal from the infrared
detectors would not be valid interferogram data. These
times occur when the interferometer is stepping, when the
interferometer is settling down after a step, and when the
chopper is in transition from open to closed, or from
closed to open. Since the natural frequencies of the
interferometer drive are lower than the chopper frequency,
the interferometer motion can be adequately monitored at
chopper cycle intervals.

The most common type of stepping error occurs in the
transition period between the turning off of the holding
servos and the turning on of the step drive. If a
vibration of sufficient amplitude and the right phase is

present during this transition period, the movable mirror
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» can be pushed backward a considerable distance. After e
4 —“
being forced backward, the interferometer starts driving L*?
« ..:\v.\f:
) forward again. The laser reference signal soon matches the }Egj
* P".r::.r
. preset level where the interferometer servo controller ﬁg&f
. interprets the step as having been completed. The holding :?rj
B -
A :‘..-‘}-
- servos are again turned on, but instead of completing a RS
- ."\'w'.'
X step, the interferometer has returned to its original ifﬁ?i
YN
position. The laser reference signal that results when
i this type of false step occurs is represented in Figure 16. y
~ St
P The computer, monitoring the laser reference signal, . jT
LY et ata
| detects the lack of a positive peak as a stepping error. 55#
d A
: The stepping software corrects this type of error by ﬂj{ﬂ
- A
o causing the interferometer to step again. ftij‘
; LN
The laser reference signal is monitored during the L. q
2 holding mode as well as during the stepping mode. The
- control software detects when the interferometer is not
. holding properly (within about 0.05 um). When this happens
L
. the computer stops taking data until the interferometer has
s
" settled down, then retakes the affected interferogram data
A point.
- If a mechanical vibration of the interferometer
. mirrors cause the optical path length to change by more
~ than half a laser wavelength (0.3 um), the hold servos will
Vj no longer provide negative feedback and so will not be able
N to bring the interferometer back to the proper holding
o position. This condition is monitored by the control
N 85
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?- software and diagnostic information is recorded, but
corrective action is not taken. Using the air-filled
F)
: vibration isolators and operating in a vacuum make these
g
: irrecoverable errors uncommon. However, the acoustic
. vibrations from a thunder shower will sometimes couple )t
f through the interferometer enclosure sufficiently to cause jfﬁf:
NN,
o irrecoverable errors. DAY
e~
& S
,; Modification of Interferometer T
€3 - s
- A r-.
s RN
In addition to the CO, bands in the 4.3 and 2.8 um =t
i} regions which were analyzed in the present study, there are N
i LS
f, important CO, bands in the 15 um region which could not be f;é:
A ata
et observed without modification of the interferometer. To Zra™
s meet this need, and to make the interferometer more 323'
< e
: flexible for future observations, the spectral coverage of =T
‘
w3 the interferometer was extended to over 20 um by replacing f“hf
3 the CaF2 beamsplitter and gold doped germanium detectors y
'
y with a KBr beamsplitter and copper doped germanium
L. 4
*f detectors. The upgraded interferometer was then used to
v take preliminary 002 data in the 15 um region and HDO data
. in the 7.3 um regilon. It would have been possible to take %
- some HDO measurement without upgrading the interferometer, -
f but {t would have been difficult, since the response of the .,::
o R
- . interferometer before the upgrade was so low at the longer 5}5§
DA \._‘-;-
TN LY
4 wavelengths. e
. N
'-
v
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KBr Beamsplitter. The optical properties of KBr make it a

good material to use for infrared beamsplitters. It has a
low index of refraction and transmits from the visible to
beyond 25 um. However, since KBr is soft and hydroscopic,
it is difficult to work with. We had on hand a KBr
beamsplitter with a germanium coating that had been in
storage for a number of years. Since KBr has a tendency to
cold flow, there was considerable risk that the
beamsplitter would not be sufficiently flat to be still
usable. 1In addition, even though the beamsplitter had been
stored with a desiccant in an airtight container, there
could have been subtle damage to the beamsplitter or the
coating. To insure that the beamsplitter had not been
damaged by this long storage, several tests were performed
on it before it was mounted. Special care was taken in the
design and fabrication of the mount for the KBr
beamsplitter, since even a small amount of stress on the
beamsplitter would have distorted it. As the mount was
being tightened on the beamsplitter, the flatness of the
beamsplitter was monitored to insure that it was not being
stressed.

Since the input and output beams for the AFGL High
Resolution Interferometer are physically displaced it is
not necessary to use two KBr plates, one for the

beamsplitter and the other for the compensator. Instead a

88
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single KBr plate with coatings covering part of each face

of the plate is used (Figure 9). The energy coming into

the interferometer is split into the two components using

the coating on the front of the KBr plate and then

recombined at the coating on the back surface of the KBr

plate. The germanium coatings on each face of the KBr

plate consist of two separate regions of coating, a heavier

germanium coating for the infrared signal and a lighter

germanium coating for the visible reference laser. The

pattern of coatings for the beamsplitter is given in Figure 17.

The flatness of the beamsplitter was tested by placing
an optical flat in contact with the beamsplitter and then
observing the fringes produced from a helium lamp. The
beamsplitter was flat to within two fringes (1/10 fringe at
10um), except for three areas near the edge where the
nonflatness was greater than 10 waves. These areas appear
to have been damaged by a previous mounting of the
beamsplitter, possibly when the beamsplitter was being
fabricated. It was possible to orient the beamsplitter in
the mount so that these damaged areas of the beamsplitter
would not be used.

The optical properties of the beamsplitter were
verified by measuring the transmission and reflectance of
the beamsplitter. Spectral traces (Figure 18) were
obtained from regions of the beamsplitter with both types

of coating, the light coating used for the reference laser
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and the heavy coating used for the infrared signal. The
spectral traces were measured by Fred Volz on a Perkin-
Elmer 180 spectrometer. Due to the configuration of his
optical setup, the transmission measurement was performed
at normal incidence and the reflection measurement at 10°
incidence. Since the beamsplitter was to be used at an
angle of 30°, these measurements could not be used directly
to determine the expected efficiency of the interferometer,
but they did show there were no major problems with the
beamsplitter.

A diagram of the mount that was used for the KBr
beamsplitter is given in Figure 19. The beamsplitter is
held by spring pressure against three pads. The tension in
the springs was adjusted such that the pressure from the
pads on the beamsplitter was 20 psi (well below KBr's
elastic limit of approximately 160 psi). Additional radial
support for the beamsplitter was provided at three
locations by using a nylon screw to hold a support against
the edge of the beamsplitter at each of the three
locations. If no precautions were taken, even the small
excursions of temperature expected in a laboratory
environment would cause sufficient differential expansion
between the aluminum mount and the KBr substrate to stress
the KBr. To minimize this problem, instead of mounting the
KBr beamsplitter directly against the three mounting pads,

two plastic shims were placed between each pad and the
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) beamsplitter. The differential expansion between the S
Sty
beamsplitter and the mount is compensated by these plastic ;Fi;
b shims slipping past each other. Eg%;
? To insure that the mounting process was not distorting Ei;é
$ the beamsplitter as the mounts were being tightened, an . :j;:
f optical flat was placed in contact with the beamsplitter :§3¥
:5 and the fringes observed as the loading on the beamsplitter i;-
s N
D was slowly applied.
¥
} The Detectors. Copper doped germanium detectors were used,
j: because of their high detectivity over a broad spectral
: range, to extend the wavelength coverage of the E}i&
/ interferometer. A disadvantage of Cu:Ge detectors is that ‘gzig
they will not operate at liquid nitrogen temperatures, but kﬁii
f; must instead be operated at liquid helium temperatures. EEﬁE
f Not only is liquid helium much more expensive than liquid §;§§
y oo
. nitrogen, it is also much more difficult to work with, :;31
i partly due to the colder temperatures involved, and partly ?${3
f due to the low heat of vaporizatica of liquid helium. The
; AFGL High Resolution Interferometer uses two detectors
instead of the more conventional single detector. In the
b upgraded interferometer both detectors were placed in a
> single 1liquid helium dewar. By placing both detectors in a
‘ single liquid helium dewar the complexity of filling and .
5 maintaining two dewars was avoided. Having a single dewar
1 also reduces the quantity of liquid helium consumed. 1In
#
¢
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addition, having both detectors in the same dewar helps

keep the environmental conditions for the two detectors TN
matched, so that proper common mode rejection can take »%k
place. It was however necessary *o reroute the optical *§§
beams of the interferometer. The new optical configuration :;d
is shown in Figure 20. ;ﬁ
The size of the detectors and the way they were E%ﬁ
mounted simplifies future modifications to the v;
interferometer. The 0.5 mm diameter detectors are mounted g;
behind interchangeable cold stops. Provisions were also ;;z
-

made for cold filters in front of the detectors. The cold el
stops and cold filters are used to minimize photon noise. E;g
At present, the cold stops are set at 7.2o full angle and nc Eﬁ
cold filters are being used. The cold stop angle was set ;
at 7.2O since the interferometer is currently operating i
with f/8 collection optics. The 0.5 mm diameter detectors ;;f
are smaller than needed for f/8 collection optiecs, but will ::
be well suited for future reductions in the f-number of the ;f
interferometer collectlion optics. Ei
The Cu:Ge detectors were obtained from SBRC (The Santa i%'
Barbara Research Center). The detectors were tested at gi
SBRC by illuminating them with a calibrated blackbody ESi
source. The results and conditions of the test are ggf
summarized in Table 5. gg
The preamplifiers that were used to amplify the signal 3&

from the detectors incorporated low nolse FET-input op-amps ;i
D
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Table 5. Copper doped germanium detector test specifications

and detector performance.
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TEST SPECIFICATIONS
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Filtering: KRS-5 window Irradiance: 1.26 uw-cm_2

Blackbody Temperature: 500°K Bandwidth: 10Hz

Chopping Frequency: 400Hz Load Resistance: 2.5 megohms S

10°K G=100

o a2
afutaltal

|

AL AESTD

[ W

AR

Operating Temperature:

Background:

Amplifier:
2 _-1

8 x 10'° ph em “ s

DETECTOR INFORMATION

Detector Diameter:
Spectral Response:
Detector Resistance:
Signal:

Noise:

Signal-to-Noise Ratio:
NEP (A):

D* (1 pk):

ResponsivityA (in circuit):

Apk:

Applied Voltage:

Detector Number

E278~1

E278-2  units

0.5
2-27
18
59
0.9
656
6.2
7.42
2.4
25
4s

0.5 mm
2-217 um
15 megohms

63 1073 volts

4

1.0 10" volts

630

10713 wuz!

10

6.21
7.13  10'9 cm Hz'
2.4 A/W

25 um

60 volts

/2

/2

W

-1
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used in the transimpedance mode. After the detector
signals have been amplified the signals are filtered. A
schematic of the design used for the preamplifiers and
filters is given in Figure 21. The bandwidth of the signal
was left at a relatively high 10 khz, since further
filtering is done digitally. The rest of the signal
processing is identical to that used with the Au:Ge
detectors and was described previously (see Figure 14),.

The requirements on the liquid helium dewar were that

it have at least a 24 hour hold time, and that it could be

filled without opening the interferometer enclosure. A jfgs
print of the dewar, which was custom manufactured by Kadel $$§
L oL

Engineering Corp., is given in Figure 22. The 21 liter r\f
liquid helium dewar has a hold time of approximately 30 ffi
hours. A liquid helium dewar must be much larger than a jﬁi
nitrogen dewar to obtain the same hold time, even though ;*ﬂ
the thermal resistance of helium dewars is typically higher ;ﬁz;
than liquid nitrogen dewars. When the Kadel dewar is %ﬁi
L. lfl

filled with liquid nitrogen, it has a hold time of about 30 oo
days. To make it possible to fill the liquid helium dewar ﬂtf
without opening up the interferometer, transfer lines i;k
SN

leading from the dewar to the outside of the interferometer gi!
enclosure were necessary. These transfer lines are six ﬁ§5
.-;‘z_\:

feet long. The heat loss through these long transfer lines $3&
o

is not excessive, since during normal operation of the ¥f5
i
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interferometer a vacuum is maintained in the interferometer

N
""‘v

5

enclosure.
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The most troubling problem that we have experienced in Nt

vaNy

connection with the liquid helium dewar was acoustic

oscillations in the transfer lines. These vibrations were

AT XA/

a problem both during the filling process and durlng the

entire time that the dewar contained liquid helium.

Acoustic oscillations in tubes connected with a liquid '

n NN
A helium dewar are called Taconis vibrations.u1 These &E&f
. oscillations are standing waves in the tubes driven by ' i;ég

large temperature gradients. Since they transfer heat from %;ﬂ;
E the warm outside into the cold dewar, they decrease the éﬁg;
hold time of the liquid helium dewar. These vibrations .;:\'.1
: are most intense when a tube that is closed on the room gg;{F
f temperature end opens into a 1liquid helium dewar and there Eggg
2 is a large temperature gradient at the midpoint of the ﬁﬁgi
' tube.u2 It should be possible to minimize these iﬁ;é
- oscillations by making the transfer tube a less effective jgéé
E resonator or decreasing the temperature gradient of the ia;é
| tube. During the filling process it was found helpful not :&5\\
: to vent the helium directly to the atmosphere, but instead Sﬁii'
. vent the helium through a length of tubing packed with gﬁés
3 steel wool. During the time when the dewar was holding g;i
5 helium it was found that placing low pressure check valves %&2

on both the fill and vent lines was effective in dampening ;ivgi
& out vibrations. Si;\’
_‘ N
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Testing the Modified Interferometer., After overcoming a

few problems, the interferometer was used to take

preliminary data. The most troubling problem was with the

germanium coating on the portion of the beamsplitter used
for the laser reference beam. A workable solution to this

problem was arrived at by modifying the laser detector

Tav o a » FEF

electronics. There was also a problem due to channel
spectrum caused by the ZnSe windows on the dewar. The
channel spectrum was removed by replacing the flat windows
with wedged windows.

The problem with the portion of the beamsplitter used

for the laser reference beam arose because of the high

™
t

absorption of visible light by germanium. The problem was

S
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a
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¢
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not with insufficient energy transmitted through the

S,
WAy
»

DS

beamsplitter, since the coating is very thin, but with the

,"',u e
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A AN
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Py

phase of the transmitted and reflected beams. Since the

-
SN
R

AFGL High Resolution Interferometer uses cat's eye
retroreflectors, both output beams of the interferometer
are accessible. For a dielectric beamsplitter, the phase
of these two output beams is complementary and the
interferogram is taken as the difference of the signals
from the two detectors. 1In this subtraction process, all
perturbing influences which affect both channels equally
are subtracted out. However, when a metallic beamsplitter

i3 used, the signals from the two detectors are in phaseu3
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and so cannot be subtracted. Since germanium absorbs so
strongly in the visible, the germanium coating acts almost
like a metallic coating resulting in the two outputs from
the laser reference beam being nearly in phase. To get
around the problem, the electronics for the laser reference
signal was modified to use only one detector. A new
beamsplitter that will not use germanium for the laser
reference beam has been ordered, but for the present,

modi. .g the electronics to use only one detector has
proved quite satisfactory.

The first spectra to be taken with the interferometer
after the modification were CO2 broadened with N2. These
spectra was taken at moderate resolution (maximum optical path
difference of 8 cm). An example of one of these
experimental spectra is given Iin Figure 23 for 100 torr of
CO, broadened with 660 torr of N,. It was while doing
these 002 measurements that the severity of the channel
spectrum due to the ZnSe detector windows was discovered.
Most of the small structure in Figure 23 around 620
wavenumbers is due to channel spectrum. The flat ZnSe
windows have since been replaced with windows that are
wedged 12 arc minutes. Future plans include remeasuring
the CO2 spectrum using the wedged window.

Measurements of HDO have also been performed using the

modified interferometer. These measurements were made at
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high resolution (maximum optical path of 83 cm) using the
wedged ZnSe windows. The HDO is formed by mixing H20 and
D20 and letting the hydrogen and deuterium exchange to form

a mixture of H20, HDO, and D20. The experimental spectrum

. in Figure 24 is of a room temperature sample of a mixture r .t
:':-.".x

of H,0, HDO, and D,0 in a 10 cm long cell. 1In the future, ;iﬁﬂ

'\:'.

additional measurements will be made at elevated Sﬁc;

temperatures.
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CHAPTER v

DATA ANALYSIS

A considerable amount of effort was required to obtain
molecular parameters from the raw interferogram data.
Performing spectroscopy using high resolution broadband

spectral coverage lnherently means a large amount of data.

The interferograms for the present work consisted of over a

million data points and the resulting spectra contained

thousands of lines. The only reasonable way to make use of

these large quantities of data was through the extensive 53'5
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use of computers. The raw interferogram data were recorded

7
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using a PDP-8/E computer and all subsequent processing of
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7
g x

: v
‘IJ o
Ay

T
“
X,
e

the data was performed using a Control Data mainframe

computer.
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The block diagram of Figure 25 shows the steps that AR, .;‘;1
-:‘..-.\:
were necessary in obtaining molecular parameters from the At

raw interferogram. The first step in the data analysis was

N
-
.
R
RN

to perform the appropriate masking and shifting operation
to map the 24 bit double precision PDP-8/E words into 60

bit CDC words. Next, a phase correction was performed on

the interferograms to correct incomplete beamsplitter

compensation and nonsymmetric sampling of the

interferograms. A numerical filtering technique was
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o

included as part of the phase correction process to - Qi;

.-\' \-F-:-‘

. . PN

eliminate all frequencies from the interferograms with the iani;
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Figure 25. Major steps Iin the data analysis process.
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exception of a region of interest. This process typically

reduced the size of the required Fourier transformation by
a factor of 10. The filtered interferograms, consisting of
131072 data points, were then transformed using the FFT
algorithm. Even though a large scale computer was used,
insufficient memory was available to routinely process the
interferograms without the use of a special "large FFT"
algorithm. After the spectral recovery was completed by
applying the Fourier transformation to the data, the
position of each spectral line was determined and recorded
on a disk file for subsequent use. 1In addition to line
position, other parameters, such as intensities and width
of spectral lines, were also determined. The next step in
the data analysis was assigning the absorption features to
the proper molecular transitions. This step proved to be
the most difficult and most time consuming of the data
analysis process. The computer program that assisted in
performing this step was written to display graphically the
data relevant to a given rotation-vibration band. The
pattern recognition capability of a human operator was then
utilized to make a tentative assignment of the observed
spectral lines. A least-squareg-error fitting procedure
was then applied to the tentatively assigned spectral lines
resulting in new molecular constants. This procedure was

iterated until a good fit was obtained for most of the
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observed lines of each rotation-vibration band. The final

step was a weighted least-squares fit resulting in new Ao
.__'.:.:.3
molecular constants. The major steps: phase correction, :fﬁlj
Eooa
large FFT, spectral lines location, identification of 5&25

i

spectral lines, and weighted least-squares fitting will be

a2l

congidered in the following sections of this chapter.

Phase Correction

There are two major causes of phase errors in

interferograms produced by a Michelson interferometer, 1)

(S

nonsymmetrical sampling of the interferogram, and 2) Siﬁ

incomplete beamsplitter compensation (see Chapter IV). ggﬁé

Nonsymmetrical sampling of the interferogram gives rise to 'iéi

a linear phase error and incomplete beamsplitter izg

compensation results in a nonlinear phase error. Both i&i

linear and nonlinear phase error can be corrected by gii

convolving a correction function with the interferogram. Efﬂ

A numerical filter can also be incorporated into the same iié

- function used for phase correction to reduce the spectral ;ig
X . -
. coverage of the interferogram to a region of interest. The ;;3
spectrum is then recovered from the symmetrized and §§

A filtered interferogram by applying a cosine transformation. ?i:
EE; The interferogram, I'(x), when phase error is present ;g
g%ﬁ was given in Chapter IV as Equation (65). This equation g;
v
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3 can be rewritten as Ro
! I'(x) = I B(o) g2mi08(0) -2wiox do , (66) -
X o
i where B(o) is the optical input to the interferometer, and ;'n“
- NN
; §(g) is the phase error. In the case of linear phase A?;«
‘._'_J'?-‘
E error, §(o0) is simply a constant. Taking the Fourier I-;_;Z:-Z_:
. Al
r transformation of both sides of Equation (66) yields r“i
21106 (o) S
B'(0) = e<" 9°097 B(g) . (67) SN
RPN
C
:}F}
The Fourier transform of the uncorrected interferogram, P
B'(0), is then the desired spectrum B(o) multiplied by a o
W
phase factor. This phase factor can be isolated from B'(¢) {Eﬁ{
by dividing by the magnitude of B'(s), that is: £
PR
' I
e211106(0) - B (0) . (68) :..:_'\:
|B' (o) | IR
Ao
The desired spectrum, B(e¢), can be recovered by multiplying AN
.-::ef‘r
the transform of the uncorrected interferogram, B'(g), by ;g}i
LAY
the complex conjugate of the phase factor. Multiplying two tﬁgj
functions together in the spectral domain is equivalent to !?:f
convolving their transforms in the interferogram domain. :&ﬁﬁ
e
The function ¢(x) with which the original interferogram is ::{:.
L
convolved is then !;;T
.:::"',\'
@® ‘\‘.?
o(x) -_wj e2mis(0) G2miox 4 (69) s
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A
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Numerical convolution is extremely computationally

vy

Lx

intensive and is not usually very practical except when one

of the functions to be convolved has small nonzero extent.

'yl

SN

The phase error (o) is a slowly varying function of g,

(&"

T

i

making ¢(x) essentially equal to zero except for a small

region around zero spatial frequency. For a typical 106

v’

~

;j point interferogram, 128 nonzero points were sufficient
Vi

n\ -

S to adequately express ¢(x).

o

‘fk Numerical Filtering. When the interferogram is sampled
l¢\. .

every 6328 A (the wavelength of the HeNe reference laser),

the free spectral range of the resulting spectrum is

7899 e¢m™'. It is often advantageous to limit the

wavenumber coverage to a much narrower region of interest.
By limiting the spectral bandwidth of the measured
interferogram it is possible to decrease the number of data
points required to express the interferogram and
consequently the size of the Fourier transformation needed
for a given resolution. Either an optical filter or a
numerical filter can be used to reduce the spectral
bandwidth. Both have their advantages, an optical filter
also reduces photon noise, while a numerical filter is much
more flexible. For thls work, an optical filter was used
to limit the spectral coverage to a rough area of interest
which was then refined with a numerical filter. The

function used for numerical filtering, f(o0), can be

112

AR Nl W] S N TN N e e S A
\’.

S I R i e 3 0 aebid et aicad e dur it et Rt I A R S AR T L A% S R SR SR IR

W
Ll

4'.';""r 7ol
AR LA

e
»
LUy

P e

. a
. -.'r"‘v » "

X
',

SRR

L

P
e S e Y

EMADIENN -."-":. |
2 vf"n; «

R
M T

L oa

A 9%

0
o e,
LA N A

LAY

LK}
Ty e e
SeLt,

h o

,~ ."'

.
. B e
A s 4

N4
‘

a

U
.-
-

Y

“. '.- '.o' i -
SOl

NAy

‘'
A
«

e, - - P R RS R RIS L LT e LA e . \ R PR TP ST
-_‘-'.'-':'-.-",."{..'.J“:\:"l‘mi-,'lrd‘:'Jt'f.‘-":'-":-t':"- ";fn_'_rg_";_'._ P R TS L LI S SRS S R P e dnanialin —




SRUR LR R R (8 )% it gt SU RS A R M R RE R A A SRR it AR A A N EACSESEREA EACL O LB S LSO SR ST SRS M g8 A AL st N
"

R
‘.1,1.
LN |
s

2
kﬂl, )

]
tolt]

o

AT
?}??!
hJ
pd l'..'\)‘.( -’1"

RN i
D

VX,
3

incorporated into the phase correction function ¢(x) as

v
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.:f[

A A
Ly

6'(x) = | £(o) e7278(0) 2miox (70)
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Both phase correction and filtering are now accomplished by
convolving ¢'(x) with the original interferogram. A
significant reduction in the size of the Fourier
transformation is obtained by this technique.

A typical raw interferogram for this work consisted of

. Vo oo
(APPSR ]

1,150,000 points. The phase-corrected and filtered

interferogram consisted of 131,072 points with a spectral

' to 2633 em™'. Since the numerical

3

[t}

coverage of 1755 cm~

Ak

. . ....
.-".'..I ""l .. ".

filter did not provide an infinitely sharp cutoff, the

Oy
- Tl
usable portion of the spectrum was roughly 1800 cm ! to

3

ale
.

1
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) 2600 cm . R
‘ P,
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Large FFT e
) -
vy The development of the Fast Fourier Transform (FFT) ﬁé;ﬁ
% e
ﬁ algorithm by Cooley-Tukeyuu, in 1965, was crucial to the E;Qf
A P
development of the technique of Fourier spectroscopy. e
~ Without the dramatic increase in computation speed provided RN
S by the FFT algorithm, recovering the spectrum from an
.
interferogram would have remained impractical. Even though
N there exists an extensive amount of published information
.
: about the FFT algorithm, including computer programs, there
“
N

are very few programs available to perform Fourier

113

[N WL L SR N Y




-w W -

L e ek o o8

" ot ol |

R
DRI N

transformations on data sizes larger than those fitting

into the central memory of a computer. The large FFT
programs that do exist are very machine-dependent and
require features which are not supported by FORTRAN. If an
in-memory algorithm is used with a virtual memory system,
the number of calls to mass storage can be extremely large,
since data processed in the FFT algorithm can come from
widely scattered locations. The need existed for a general
program that would run on a small computer or run under tie
limited memory allowed under the time-share environment of
a large computer. The program written to fill this need
is nearly machine independent. It is an extension of a
program developed by Hajime Sakai.uo The only nonstandard
FORTRAN feature needed to execute the program is the
ability to access blocks of data randomly on a mass storage
device under FORTRAN control. This is no problem on most
systems because of the uniform block size used in this
program. The program is capable of performing Fourier
transformations of arbitrary size, limited only by the size
of mass storage available. The flexibility of the program,
which was developed using the CDC Cyber 175 computer at the
University of Massachusetts, was verified by its successful
implementation on a PDP-11 minicomputer with only minor

modifications.

In the large FFT, the set of interferogram data points
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is divided into blocks. Only two of these blocks of data

reside in the central memory of the computer at a given
time. The rest of the blocks of data reside on a random
access mass storage device. The input data must first be

sorted into a particular order, an in-memory FFT is then

LI

Iy
. 4
s %

D

applied to each block of data, and finally the data from

the various blocks are combined to form the Fourier

transformation of the entire data set. The manner in which
the data are sorted into the appropriate blocks and the way
the data from the blocks are combined into the Fourier
transformation of the entire data set is analogous to the
standard FFT.

In the standard FFT, the input data may be considered
as a linear array of data points. The output array is also
an array of the same number of elements. The output array
is obtained from the input array by successive passes
through the dataf For each iteration two elements which
are separated by a fixed offset are combined to give two
elements of the next iteration. The offset between the two
processed elements is doubled each pass. The entire
transformation is completed after N log2N passes through
the data, where N is the number of data points.

In the large FFT the sorting and combining operations
mentioned above are performed in an analogous way to the
standard FFT. In this analogy, blocks of data correspond

to the individual elements of the standard FFT and an array
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of data blocks on the mass storage device corresponds to
the linear array.

Both the FFT algorithm and its extension, the large
FFT, are applied to arbitrary complex data sets. It is
inefficient to use a general complex Fourier transformation
on a phase-corrected interferogram which is real and even.
A real even function can be uniquely expressed using 1/4 of
the storage required for an arbitrary complex function,
since the imaginary part is zero and the negative part is
identical to the positive part. 1In order to make the

Fourier transformation of the phase corrected interferogram

more efficient, a technique for transforming real even
35

» ¥ e =
> R

P
.

1" ¥

functions was used. The technique preprocesses the

1

interferogram into a new complex function containing the
same number of unique elements as the original function. A
Fourier transformation was performed on this complex
function, and finally a postprocessing step completes the
Fourier tranaformation of the phase-corrected (even and

real) interferogram.

Spectral Line Positions

For this work only the position of spectral lines has

p
. e~

been reported, but a complete set of parameters was C:
*e

»

determined for each absorption feature. These additional f:

G 4 4

parameters were very useful in making the line assignments

vklr v
.‘:’I

[y
0

WL
i

and in determining the quantity of line merging present.
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Line merging occurs when spectral lines fall so close
together that they are not resolved. In order to determine
the line positions, as well as the other parameters, it was

necessary to interpolate between the discrete points which

resulted from the large FFT.

»

AT
. 'y

sampled with a spacing 16 times finer than the spectrum.

e
Interpolating the Discrete Spectrum. A sinc interpolating ;é;;_
function was used for this interpolation. The &F;V
E interpolation process consisted of convolving the set of ESE?:
E discrete spectral points with a sinc function that was ::*j:.:AQ
l

Computationally this was most easily done by transforming

to the spatial domain, adding zeroes to the interferogram,

FA AN

T e AT W VW

then transforming back to the spectral domain. Strictly g_ ;v

- \.'-'

; speaking the entire spectrum should be retransformed, or ﬁ?ﬁ;\

. .‘_‘.I'".’

' the zeroes should have been added to the interferogram ijﬁﬁ‘
AP AN

i before the interferogram was originally transformed. "

¢ Y

: However, in order to facilitate the computation, the i:

. N

. spectrum was broken up into sections. A section of the .f .

! spectrum was transformed into the spatial domain, zeroes A YAy

" s

: added, and then transformed back into the spectral domain. Zqﬁ:g

; :‘-::.-::

i This method makes the size of the transform required much i;tf:

! N more manageable, while giving good results except near the ?Ei:

v LIRSS
A

. edges of each section of spectrum so transformed. To ;ﬁv}

* ALY

F minimize edge effects, each section of the spectrum was flﬁﬁl

: SN

! overlapped with the next section so that no spectral data %af
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was used within 50 points of the end of a section. Using
this method, errors In the interpolating function do not
occur before the Interpolating sinc function has dropped to

approximately one fiftieth of its central value.

Determined Line Parameters. In addition to line positions,

several other line parameters were also determined. The
other parameters were: width, asymmetry, intensity,
transmission at the line center position, and height of each
absorption feature. Since the only purpose of these
additional parameters was to assist in making line
assignments and to determine the expected uncertainties of
line positions, nonstandard definitions of parameters could
be used. The definitions that were used are described in
the remainder of this section and illustrated in Figure 26.
The line positions were determined by simply taking
the local minimum of the interpolated spectrum as the line
position. A more precise method of determining line
positions would have been used if the random variations in
the positions of experimental 1ines had been less. The
primary cause of these random variation was line merging.
Nearly all of the spectral lines showed some symptoms of
line merging. Line merging would have been only slightly
reduced if the resolution of the interferometer was
infinite, since the resolution of the spectrometer is

approaching the Doppler limited resolution.

118

. ® e

PRI}

AEAE I IP NN S SR U S ST N i S e e R N AP JAR Y St AT SRR I C Rk S A AN
ARRSAY LSRRI CHEEREIE L EUAL TR CS ANV GG /S GOSN 8 CLOL S X R Sy SR Y -

vy 3

é 7




AR W
o S g s N r.....&.ﬂ. St
RIS _.\.\r..v BTN it .(\..\f\n-‘f fk .—? W ........__
"4
\.\.
s
*qudrtay .
SUTT pPue uojssiuwsuead ‘£31susijul ‘Aajaumise ‘yipim SUil ® ‘uoja160d BUTT .
ay3z :eanjea) uojadaosqe yoes JOJ paulwaalsp 2a8M JBY] SJB3IBUWEIEJ 9z 2an814 “
2
\l
7
...\

INC 0M3Z
NOISSINSNVYL NOISSINSNV Y L :

NOILISOd 3NIN—, ;

NOILISOd 3NIT~_ Ry 3
| “

!

AYLINWASY > 1« HLOIM 2
LHOIFH s
- Pt o w

o LHOI3H - :

ALISNILNI gk

o

— - o
..w..

ANNOXOXNOVE -

. MEEEEEE. . a e s a4 ¢« SENEN _"."a F 7 & SIGER. + 4 T ¢ €« & @ MRy 2 s A A A WM . &8 & e ~a m—- -



gt AR A v b R (L BN LIRS R e b T e N A DAL A S A AL
.

The line asymmetry was determined by using an
alternative method for finding the line position and
comparing the results to the local minimum method. This

second method of finding the line position used the center

(‘-

' -“"? -

AL
LR AR R

of a chord drawn across the absorption line a small

R e R it bl e e

PRy

distance up from the minimum as the line center. For

N

‘e
»

Wy
X
N A

symmetric lines, the center of this chord coincides with

« 5 EEEERY s *

the line position found from the local minimum method.
This chord drawn across the absorption line was also used
to determine the line width, since the line width is
proportional to the length of the chord.

Due to the existence of thermal gradients in the

absorption cell, no attempt to make a careful measurement

.
4
‘¢
.

of line intensities was made. However, approximate line

Vel elels)

E.

PR A

intensities were found to be very helpful in the band
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! identification process. 1In order for the line intensities

: to be obtained, an estimate of the background was

; necessary. A simple linearly sloping background obtained

F

from a visual inspection of the spectrum was used for the

4.3 um 1201602 data. For the other experimental spectra
the background was determined by measuring the spectrum of

N the high temperature absorbtion cell with no gas in the

i cell. This empty cell spectrum was smoothed using a 13

point running average before it was used as the background.

The line intensity was considered to be the area between
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the spectral trace and the background (the shaded area of
Figure 26). The area was obtained using Simpson's rule to
integrate from the point (a) on the left side of the
spectral line where the slope was zero to the corresponding

: point (b) on the right-hand side. Any line that had an
intensity below a predetermined minimum value was
considered to be noise and was dropped. The height of the
absorption feature was taken to be the difference between
the absorptance at the line center and the absorptance at
point (a) or point (b), whichever was the minimum.

After parameters for each line had been determined,
they were stored on a random access disk file. Since the
identification and fitting programs required a number of
iterations, reading the spectral line data from a random
access disk file resulted in considerable saving in
computer time and increased convenience over what would
have been possible, if the identification and fitting
programs would have read and interpolated the spectrum

directly.

Assignment of Spectral Lines

Probably the most difficult aspect of the work on high
temperature 002 was assigning the correct rotation-
vibration transitions to each absorption feature in the
experimental spectrum, but through the use of computer-

aided Jentification techniques, over 10000 lines belonging
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to 73 different rotation-vibration bands were identified.
The degree of difficulty involved in identification of
1ines belonging to a particular rotation-vibration band

depended on the amount of overlapping of bands and on how
well the molecular constant for each band could be
estimated from previous work. It was very easy to make the
identification when the line density was low, since the
lines of a band of a linear molecule such as CO2 form a set
of lines of nearly equal spacing. As the CO2 temperature
increased, the appearance of the spectrum became very
complicated. High temperature greatly increased the
problems due to line merging and fragmentary hot bands.

The appearance of the experimental spectrum is
demonstrated in Figures 27 through 30. These figures show
portions of the spectrum where overlapping of bands is not
a problem, as well as regions of the spectrum where
overlapping of bands is very serious. The band head at the

high frequency end of the R branch of the v, fundamental of

12C16O

3
> is clearly visible in Figure 27. The high

frequency end of the R branch of the transition 01111 «

01101 originating from the next excited state of 12C1°O2

is also quite easily seen (Figure 28), since it is only
overlapped by one band, the v3 fundamental. However, lines
belonging to transitions originating from higher
vibrational bands are so overlapped that they are difficult

to identify (Figure 29). Figure 30 illustrates how complex
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the high temperature 002 spectrum can appear even though
each band is still composed of a set of lines with nearly

equal spacing.

Lines Visible in High Temperature Spectrum. Due to the

many problems associated with identifying fragmentary
bands, little effort was expended in attempting to identify

lines belonging to extremely highly excited vibrational

A T L . """ TR S L€ L T ¥.°.
.

states. As the temperature of 002 is increased, there is

an ever increasing density of excited vibrational energy

A I R U AN
. o * ., .

R

levels. Bands originating from very high vibrational

energy levels yield a low number of lines that are intense

enough to be visible. The result is a large number of

bands with so few lines visible that identification is

LT L AN

* n“ -.. -.. e, .

extremely difficult and subject to misidentification. An

-
.
‘.
N
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N
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N

additional problem in identifying these bands is that the

s
5
. Il /'
A RAD

b

intensity is not sufficiently strong to see the distinctive

pattern of lines formed at the band center. However, lines

T

a1 ¢
o e e,
) v
| M R I
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PO

from these unidentified bands complicated the

i
N,

identification of the other bands.
Insight into how the number of lines visible in an

experimental spectra change with temperature is gained by

12C16O

considering the 4.3 um bands of o Assume that the

transition probabilities for all these Av3 = 1 bands are
equal except for the Boltzmann factor. This approximation

is reasonably good since the changes in intensity due to
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changes in the Boltzmann factors are
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large compared to

similar Av3 = 1 bands. Figure 31 illustrates, for

different temperatures, the approximate range of J values

for which experimental lines should just be visible. The

I TSNP LI AT S e LA

which lines should be visible is J =

of 800 K.

The reason for the large number

F LA AAMANE . EEERRARE

is illustrated by using the harmonic
approximaticn to estimate the number
with a given lower state energy. A
vibrational states with energy lower

given lower state energy is given in

vibrational states. From Figures 31

that a large proportion of the lines
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curve marked 800 K is for 6 Torr of Co, at 800 X in a 3.5
meter path hot cell. Other curves correspond to the same
quantity of gas at different temperatures. The region
enclosed between the curve and the axis corresponds to the
range of lower vibrational state energies and J values for
which spectral lines should be visible. For example, for

lower state energy of 2000 cm.1 the range of J values for

2 to J = 32 for a

of fragmentary bands

oscillator

of vibrational states
plot of the number of
than or equal to a

Figure 32. The total

number of states available to a molecule is the product of

the number of rotational states times the number of

and 32 it can be seen

visible in the

spectrum belong to bands with high lower state energies

changes in intensity due to other factors for this class of
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cemperature of 300 K and J = 0 to J = 106 for a temperature
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Figure 31, The range of J values and lower state energies
for which spectral lines should be visible.
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Figure 32. The number of vibrational states with lower
state energy less than or equal to a given

energy.
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where the range of J values is low. VRS
A high temperature absorption cell is very effective
for making measurements on high rotational states of a
molecule, but for studying high vibrational bands an
electrical discharge gas cell or some other non-thermal
equilibrium technique is probably better. In an electric
discharge, the effective vibrational temperature is very
high, while the rotational temperature remains at
approximately room temperature. In an electric discharge
the range of J values in the spectrum of a "hot" band is
approximately the same as for the fundamental. Referring
to Figure 31, the range of lines visible for the
fundamental at room temperature is about J = 0 to J = 82.
Roughly the same range of lines will be visible in a hot
cell heated to 800 K if the lower state vibrational energy

is about 3500 cm-1. Since a 800 K hot cell loses its

advantage for lower state energlies above about 3500 cm'1, RPN
Ay
it was not considered worth putting much effort into LA
S
A YRSAY
identifying bands with a lower state energy above 2:“f§ﬂ

3500 cm-1. For this work, the highest vibrational state

identified had a lower state energy of 3659 cm'1.

Philosophy of Identification Programs. The programs that

3]
1
|
q

accomplished line identification and fitting were made :fﬁzf.
Ceete
interactive in an attempt to minimize the total overall j}ﬂgl
\'_'.."\"
effort involved with the identification process. Doing the LR

N .l 'l
&
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identification totally by hand seems nearly impossible when
one realizes the amount of data involved. The Av, = 1

3
12C16O2 spectral region stretches from about 2100 cm_1 to

2400 ecm™'. If this region was plotted with sufficient
resolution that line positions could be obtained from the
plot, to the accuracy of the experimental data (about
0.0004 cm°1), the plot would be 310 feet long and consist
of over 5000 distinct absorption features. This is
assuming a plotting accuracy of 0.005 inches; if the
accuracy of the plotter was less, the plot would have to be
even longer. On the other hand, to make a program that
could handle the intricacies of the total identification
process would also be extremely difficult. The challenge
was to use the computer to gather and store information on
thousands of lines and present small amounts of that data
in such a way that it could be meaningfully considered by
the operator. The programs written to meet this challenge
consisted of several steps with a large amount of operator
interaction throughout. An attempt was made to make use of
the inherent ability of a human operator to do pattern
recognition and make subjective judgments, while minimizing
operator confusion by having the computer sort through
large amounts of data and present only that data which

might be directly relevant.
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Loomis-Wood Diagram. A Loomis-Wood diagram proved

....... ',; Ceo s

AN
..4'-;1‘!. l’;x.sﬂ'.,i'."u.‘d'&!-f-m-i‘,{‘ Lol

extremely helpful in picking out the lines that belong to
one band in the presence of lines belonging to other bands
and lines belonging to other isotopes of COZ' The original

Loomis-Wood procedureus

relies on the assumption that lines
comprising a band are nearly equally spaced. If no prior
knowledge is known about the band the line spacing can
usually be obtained from observing a series of a few lines
that appear to form the band. This uniform line spacing
assumption is used to calculate the position of all lines
in the band. For each line in the band, the difference
between the calculated position and the close-by
experimental lines is plotted. If the spacing between the
experimental lines exactly matches the spacing used to
calculate line positions, the resulting pattern will be a
vertical line in the center of the diagram. Deviation from
equal spacing results in curvature of the displayed
pattern. Lines belonging to other bands cross the diagram
at such a high angle they do not usually form a
recognizable pattern. An example of a Loomis-Wood diagram

with a line spacing of 1.56 em™ )

for a hypothetical band of
CO2 is given in Figure 33. Listed at the left of the
diagram are the position and the identity of each
calculated line.

The Loomis-Wood procedure used in this work contained

several extensions to the usual Loomis-Wood procedure.

133

{.,'.- A'-'. R 3 .- S R
-

.......

v
v
¥

I.A...lAt i-.At,:‘A_L_.L‘...e_.c_‘r_._.L._-_.Le e A A AT A .A LY SO SRS

w I ;

'
.

AR RN
e

ST
}bﬂhf' N
PN W
y

¥
b
"

%
‘l

«

NN
NS

4

1
'

1
-

ry l‘xllv'-!‘-\‘ll'
A .
4 ‘.

AN

vy
P



. _‘-‘;,—‘.""'_'-'*.'- et

TV W WA d .

o

T . aL, e,

« i"k?'_

CACATAE AR A M

o

ey

' 2 et ol

F A ROE

TR

Al ot S

-

-

WL SRNFOMPS T TARGMAIN LR ARPAR NS

r - P E W L e e
n-\».- -.- .- .-- n.‘ PR A A
AP R e .

| T N
‘\\xﬁbﬁﬁ s
A*x*
E 3
k3
3 *
* * *
»* * *
E
*x
* *
e * *
b 3
b 3 *x
b 3 *
E 3
* * A *
b 3 L 3 3
Ak
*x X XK
Mook K XK o o Ak W Ak
b I 3
»x &K
x * % b 3
b 3
L 3% 3
x* E 3
*x k. 3
E 3 *x*
*
e
*
b 3 * *
* * * L
b 3
b 3
*
a* L 3
a*
*x
L 3 *
* *
»*»
* L

QOWITNODOTNODVOYITANODVWTNOXVOTNONTOWDONT OO NT VOO NTOOONNDDO
W =3 =7 =T 23 NONONONONAI AN IO N e v— — e e e OO ONONNIEONIONST =3 3 WD

oA AAAAAAAAANA A A A RA A A.A. 0. A, AL o s i 00 06 A 0 A0 O O 00 0 O0F O 00 0 0 0 0 0% 00 00 0 (0

OOV NOT OW AN T OWNDT OWNOT OW NI T OW NI OW NS OW NGO OW NA0 T WO (O
05162839h~.061728hﬂ AN OW N -0 739.4051: =N CNONUN OO — B~ MO T DUNWO NI B~

------------------------------------------------

01367902‘“. O B0 O v— MO0 Che— AT 57912“679023568012#”.67902578
e e e e AN OO IO T 3 ST DN LD O OO WO AOWO OO = 8= B B B - 00 00 0 0 0
sl il salainglsaisglaalaalagizalsalaalsalsalaalsainalsalaalnalsalsalsalsalnainglsainalsalsalsaialalsalaalsalialaalsalaalralsalaalsal
NANNNVANANNNANNNNANNNNANNNNNNNNNNANANNNNNANNANNNNNNNNNNNAN NN

Loomis-Wood diagram for a hypothetical band of

CO2

Figure 33.

134

..-'\'--_'.-_"-‘ e

[TPUEPE L St R

(AN
Y
.
P

R GG

N




Ll Gl LA TR A SO S LY P <X TR O P o T T T (7.7.7. T"'"‘""".‘".‘"Z"’”’(‘TC"""’-’*"'*‘""":‘\
3 i :_.r.}
SN
L] '-‘_'-:'.
e
& 'f:'\
PR
3 Y
P
& Since some prior knowledge about the spectroscopic }}ﬂ:
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! :’\:.-."
" necessary to assume equally spaced lines. This knowledge ufﬁl
e St
of the approximate spectroscopic constants could be used to }ﬁyf
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E already been identified were indicated by a one-character Ay
3 peree
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r []
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- that line. Wide lines are either saturated, making the {fﬁs
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 § B
- {: '
; If an experimental line is 0.1 cm ! lower in frequency than AR
7 e
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s PAE
..".\
) ~ o e \._-.}-, '-,'?,-",:',:',-" -.nu-.‘.*._.\.‘,\','\ *» A > ~__.‘,.“. - -',.\._ .._.\.__.'_ ..f-.",_.‘_.‘~ R BARERS, ;', PR , , AT ,‘r._ ST




N
]
4

--------

t
"{_ [

458"
P
Il
'

vy 5 R
)

hehEhA i) Zers
3 E{ PR A A
MNP ‘-,',‘
I-.’ ’L' l.,\..'. LY

Sy,

’,
r4

Table 6. One character identification codes used 12 .16 -
to identify rotation-vibration bands of C 0,. }

5
L

Ny
]

A -_"
. &
P
S rsdd

..(

A

Band Identification code

- %
.
b
s

- R
00011 « 00001 A DO
3 01111 « 01101 B higj
T 10012 « 10002 C A
02211 « 02201 D -
F 10011 « 10001 E
2 11112 « 11102 F :
- 03311 « 03301 G .
11111 « 11101 H o
20013 « 20003 J .
04411 « QHUO1 L A
20012 « 20002 N 33L
00021 « 00011 P T
20011 « 20001 Q -‘:{{;-
12211 « 12201 0 ST
01121 « 01111 Y :JE;
10022 « 10012 3 .
02221 « 02211 4 R
05511 « 05501 5 ;\::-::
13311 « 13301 6 e
13312 « 13302 7 N

the calculated wavenumber value, it will fall at the far

left of the diagram; if the line is 0.1 em” higher than S
Qoo

i

the calculated value, it will fall on the far right. lﬁ;:
A

SO,

Data Table. Another useful tool in making line assignments EQQ
was a table giving detailed information on the closest g;g
.r.':f‘.

experimental line to each calculated line position. Table el
e

.'\?__

7 is an example of a data tables for the 02211e « 02201%e :ﬁ;\
band of 12C1602. The first column gives the observed line iéf
“n

L VLS

136 -_f\‘_:.:

-

e e S L T T e L e N D e L T




f.!) AV, S

“Ny

P

a#ﬁ?

'j ‘l " ‘l
o~ <‘

»
,

227 XN

sﬂ

&=
-3
2050 0 D0 2050 0 0 S0 N0 0 0 S0 K0 200 20 S0 H0 S0 U 00 20 X0 S0 K0 S0 S0 VD 0 S0 B0 U S0 S0 D O 0 S0 K0 T 0 0 D0 0 S0 0 T D 0 T

~NE—NZO0OUN = OV O UNO N OO N U0 ) UTOV1~3 0000 00 0~ OV 3= N © COONA) — ] J= ~* ~JH) QO =10 £1\0

VTUROVAD = MO £33N0 N O = W N 32O Con
=IO P VNN OWN OUWON OO I=
O = U= NN O = YN O N = O

® e & 8 4 o & & ® o o & o o & @

NOMNANNNINIMNMNNNNINNINNNNINANNANNDANNINPIMNMDN NN NDNDNNIN NN
LA LA LA A A A I A U A ) L L L A A L A Lo L ) LU D LA D LA A LA L L) L L L Lo Lo o Lw LU LD L L0 LD L)
O WD\O\O\O OO DO AO OO O OO0 0O O 00 00 CO OO 00 Q0 Q0 GO 00 00~~~ ~J~J~J 111 OO OO NN N NN &
O E &2 LSUAON N = =2 OO OI-TOMWNE O = OOWO_TOWI W 2 OO0 EN =20 003N &N =0

Figure

K] SR aye
-
L D

S AN e v

AR TP TR TATATS ] L W WL W, P W A, T W O W W T8 e N N e T T e

0 cce MMMDDDDDD MMM xxn
2 % 3% % ****************AAAAAAAAAA * % MMM
MGGGGGGGGGGGGGG MMMM RRXEER
6 %% AAAAAAAAAAAAAAAAAAGGGGGGGGGGGGG  HHH - #x#xx
8 HH MMMMMMMMMMMMMMMMMMPPPPPPPPPPPPPPP***** DD
10BBB *ERRR MM
12 %% DDDDDDDDDDD**********AAAAAAAAAAAAAAAAAAAAAAAAAAA
14 MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMBBBBBBBBBBBBB ~ CCC
16***************************MMMMMMMMMMMMMMM MMM
18 3 3 2 % 3% 3% 3% % % % % % MMMMMM BBB
20  Wxx MMMM PP
22MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMDDDDDDDDDD ~ BBB
2UAAAAAAAAAAAAAAAAAAAAAAAAAAAAADDDDDDDDDDDDD CCCC
2GDD MMMMMMMMMMMMMMMMM******!*****************
28 DD RARRANAAAAAAAAAAAAAAARAAAAAAAAAAAA
30 MMMMM
32DDDDDDDDDDDDDDDDDDDDDDDDDDD MMMM
I*nx EEEEEEEEEEEEMMMMMMMMM BB
AAAAA
8% AAAAA
0 AAAAA
AAAA %% %% %%
AAAA
L6 MMMM
48 BB AAA xX
50***** MMM
52 MMM
54 BBB AAA BB
56 BB AAA X222 223
58 BB AAA
60 BB AAA BBB M¥EEEKX
62 AAA
64 AA
66 AAA
68 AAA
70 AA
72 AAA
T4 AAA
76 AA
8 AAA
0 AAA 3 36 3 36 3 3 3 3 3% 3 3 ¢ 3 % %
82 AR
84 AA
86 AA
88 AA
90 AA
92 AA
9y AA
96 AA
98 AA
00 AA

34, Part of the extended information Loomis-Wood

diagram for the 00011 « 00001 band of 1201602.
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Figure 36. Extended information Loomis-Wood diagram for

the 13312 « 13302 band of '‘c'%0

2k

¢

(Y
%Y
(‘."
L 4

»
=
v

o
>a
.

Is l\‘\.

v
.

139

A T I ¥
=
.'-.l
.l .s

-,

*h

1
o e
/e
e
"

R
. -
v s
‘e "t e
s



Tt el
w v e e 0 Y

N DR

~ 0000° - 8200° p_mr.ﬁom tthG9°09 L£60°G2 6000° - xa ¥ hE d 6621t w622
. 0000~ 6200° 8099° L. 0000° 1@ L190°gl 1000° - a x 9¢ d HOGL 2622
y 1000° G200° Po:m.oom 665Gk " Ch 1601 He £000° - £a x 88 d l9ni-0622
o 2000° 9200° 6G1LE "6k 0000°29 6926°g1l S000° d » Oh d €611°'8gee
; 1000° - 6200° oL *9lLE En06°LL mmsm.m— 9000° wd *» ch d mmoo.mwmm
L 1000° -~ 7200 * 189G G LK 8699 °68 m LL gl 0000° a ¥ fth d 6266°t82C
. £€000° 9200° Ohle Llnh 601.°99 mm:.om 1000°~ a *» 9f d mmmm.— ee
r, c000° - t1c00” mrom.msm 010K 901 Leng Lt ,L000° a * 8h d Gtll-6lee
v 0000° - t200° Nwmm.wm 206.L°86 Ht110°91l c000° -~ d *» 06 d wlg9°Ll2z
[y 1000 " - ©200° 9G6.Le 0L GEeg il 9lLg°6l 1000° d * 256 d 26Gh-Glee
0000° - 1200° §9G66° 124 £290°621 LIng Gl S000° - a ¥ §G d 999¢°tlee

' 1000° 6200° L619°062 PMNQ.PNP 910c°8i 8000° 0d * 99 d L2600 1l2e
3 1000 €00 2ctllee m :m.om ommm._m 6100° Jdd * 89 d 7618°892¢
’, L000" 0h00° LL20 fly LI 4 ! leeg gl 6100° a ¥ 09 d 7€65°9Q¢e
K, 2c000° - £200° momm.wmm L1oE €E61 06Gh° 21 #000° - ¢ * 29 d L992°4922
2000° 8c00° L600°EE c988°9¢1 moo:.m_ c00° 0d *» 19 d 9196°t922

N 1000° 6100° 9£08° S8t STATANE 2 o:m.zp 000° - a ¥ 99 d 0829°64c2
, §200° - 0900° 89 :.zpm 2G6.L Ll Gele gl 010" wQv 89 d 8hg2".ls2ee
] 1000° ¢200° n9.0°L EH96°4Q!L 68sh°cl 2000° a # 0L d 9.68°1422
0000° 61L00° momo.m £ S$408°9Q2 wmmo.or 2000° - a # 2L d G9lew°2sel

2000° L100° £60°Geh mmoo.wmm 9Gll°6 #000°~ a » hl d 88,0°0G22

2000° G200° 1£28°50 0 mm.mm_ Ggee -Gl 0£00° Xd 9L d 8289 Llhec

#000° 0£00° moo:.Pz 09.LL" Lee mmmw.w f1100° d * 8L d ce9l°Ghee

0000° 100° hgh "88< :me.mmm S wp.m 1000 "~ a # 08 d 01.9°¢2nee

1000° - 100° £188°9¢2¢ 08¢l LlLe LGgolL" 1000° a » 28 d 6.6l 022

1000° L100° mmop.—mm 7Ge0°L92 1926°9 1000° a ® h8 d 2229°.Ltee

L000° - 6100° mmm.mpm 7ge0°€le 9862 L1 1000° a x 98 d 6£90°6Eee

1000° - 6100° 616L.°G82 ceEh 90t 9geh "L 2000° d ¥ 88 d :mm:.mmmm

1000° £200° mowm.m:m mmmﬁ.oom MNNN.FP 0200° - L9da * 06 d 28.L8°62¢2¢

2000° 6100° 995°92¢ et 19¢ 100°9 7000 ° - d ¥ ¢6 d 9%G6c"leee

2000° - 100° smwm.mmm 1296°86¢ lEceh 1000° - a * h6 d 9L09°K22e

0000° - c00" mm»:.w 4 9LtS°02h 18c6 g100° a x 96 4 O0Kb6" 1222

1000° - ¢c00° 69" LG 68.L9°6hh Geclh 2Q00° a #* 86 d mwmm.m_mm

1000° £200° Ll L6l GGg1l°9ch —mzm.m 0£00° a 00Lld £9¢G 9l1ee

0000° 8200~ lghl 001 69.0° 009 Lec6” #000° d % 20ld nwgel°tlee

LarsuwAsy UapPIM U819y soueqduaosqy Aq1susiquy -0 pueg 9UTIT Uuoll1sod

.NofomP JO pueq a(0220 + 21220 8yl J0J saljuadoud aujil TejuUswWIJAdX® JO 8TQel °/ 9lqel

140

'
QI

DS
30

lala

NS A
o VR % SUEIL IR e v W,

)
Sm




.

Fr R Y Lo A Y

PRI

295 %
“hn

'l

o By

e 54 9

[)
Lt bl T S 4

“‘

' - L

PO RS, Bl N S U b

. .
LR S8 N

position. Each line is then identified by its branch (P or
R), and J quantum number. If an asterisk appears by the J
quantum number, the line will be used in the least-squares
fit. In the next column, indicated by one character
identifier codes (see Table 6) are all previously
identified bands that could be contributing to the observed
absorption feature. Next comes the difference between the
observed and the calculated line position (0 - C),
approximate strength, maximum absorptance at the line
center position, height of the absorption feature, line
width, and finally the line asymmetry. The definitions of
these parameters were illustrated in the previous section
of this report. The line positions, width, and asymmetry
are given in units of cm_1. The absorptance and line
height are given in units where 1000 represents an
absorptance of 1, The intensity is given in these units

. -1
times cm .

The Identification Procedure. The first step in the

identification was to make a Loomis-Wood diagram and a
table of data for each rotation-vibration band. Which
procedure was applied next depended on the individual

rotation-vibration band. For well known bands, such as

the 00011 « 00001 band of '2¢c'®

O2 (Figure 34), it was
possible to make the identification of the experimental

lines as simply the line closest to the position calculated
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using existing spectroscopic constants. The lines belonging

to the better know bands were identified first; hence, as

the identification worked toward the more difficult bands,

many of the lines would already have been identified. For ij:
other bands, such as the 02211 « 02201 band of '2c'®0, R
(Figure 35), the positions of lines for low J have been gﬁ%&
well measured, but not for high J. In these cases, the EEE;

v =
»

P

|
¢

line positions were again calculated and the experimental

]
&8 &

]

»
v e

lines identified, starting at low J and moving to higher J,

~
.
.
o
~

until there were no lines close (within about 0.01 em ') to
the calculated values. The band was then refit and new
constants obtained. This process was iterated until no
further extension to higher J was possible. Existing
molecular constants for some bands such as the 13312 «
13302 band of 12C16O2 (Figure 36), were so inaccurate that
identifications could not be made by taking the
experimental line closest to the calculated line position
even for low J. For these bands a different iterative
procedure was used. A Loomis-Wood diagram and a table of
data were produced for each attempted fit. From this
information, the operator determined possible alternative
lines to be used in the next iteration of the fit. The
significance of the various displayed information such as

randomness of residuals, patterns of the intensity, width,

asymmetry, and so forth were considered subjectively by the

operator. Although it was sometimes difficult to decide PR CY
f_.-'\.J_‘I

AT A
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which lines belonged in the fit of a given band, it was

generally possible to determine when the proper lines had
finally been found, since the quality of the fit increased
quite dramatically. That i{s, the resulting residuals were
small and randomly orientated and such parameters as line
intensity and width followed a smooth pattern over the
entire range of J for which the particular band should have
been observable.

It would have been possible to increase the automation
of the identification process, but it would have been very
doubtful if it could have been done without first

identifying most of the bands by hand, due to the

'l'!
'l
'

difficulty of determining a priori the significance of the &i;?
various parameters such as randomness of residuals, and the ;3;?
patterns of intensity and width for each type of band. g%%'
fa
Least-Squares Fit §€j=
After the spectral lines belonging to each band were Z;

identified in the experimental spectrum, a weighted least-
squares fit was used to obtain new molecular constants.
Although over 10000 lines were identified in the

experimental spectrum, only about 8000 were used in the

least-squares fits, due to line merging problems. Many of f5:i.
the remaining lines were slightly affected by the presence E}h&:
ORNEY

of close-by spectral lines. These slightly merged lines Ift{}
were included in the least-squares fit, but with reduced Lﬂf:;
h .-.‘.~__(‘

.-\..':\'_:‘
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weighting. Each band was fit independently without making

-
o
Q)

any attempt to combine the information from the various

Y4 ATl
AN
PN

A

bands into a single global self consistent set of energy

1

>
A8

R

levels for the CO2 molecule.
There were several constraints placed on the
spectroscopic constants. These constraints depended on the

statistical significance of the various constants, and on

¢« 2 B s Ty o * .7 .

the value of the vibrational angular momentum 2. Each band
was fit twice, once using H's, and once without. The

spectroscopic constants H' and H" were included in the

. e U

2 AP

final least-squares fit only when their inclusion markedly

improved the quality of the fit (a reduction in the rms
error of more than 20%) and the uncertainties in H were
smaller than the value of H for both the upper and the
lower states. Occasionally, an exception was made for

bands where &-type doubling was present (bands where

MRS e v v RS 2T

£ > 0). For example, if the e levels indicated the need

PREF G

of an H and the f levels did not, for consistency H's were
sometimes used for both sets of levels. The two sets of
spectroscopic constants that occur for bands where 2-type
doubling occurs are not independent, as was discussed in
Chapter III. For these bands, several of the spectroscopic
constants for the e and the f set of levels were
constrained to be equal.

In order that this weighted least-squares fitting
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procedure could be used, it was necessary that an estimate

of the uncertainty of each experimental line be made. The
weight assigned each spectral line was the reciprocal of
the expected uncertainty squared.u6 The factors that went
into calculating the expected uncertainty of each line
were: the random experimental noise in the spectrum, line
asymmetry, abnormal width of spectral lines, and
inconsistencies of line positions compared to other lines
in the same band. The total uncertainty for each line was
defined as the square root of the sum of squares of the
individual uncertainties.
The individual uncertainties were determined from the
: experimental spectra. An estimate of 0.0003 cm'1 for the
uncertainty due to random experimental noise was determined
by examining the residuals to the fit of the lines at the

high frequency end of the v, fundamental R branch. These

3
lines are known to not be merged with lines of any other
band. In order to estimate the uncertainty due to
asymmetry and abnormal line width, a chord was drawn across

, each absorption feature a small distance up from the

l bottom. This procedure was described in a previous section
of this chapter. The uncertainty due to asymmetry was
defined as being proportional to the total amount of
asymmetry. The uncertainty due to abnormal width was

defined as being proportional to the magnitude of the

measured width minus a standard width. By looking at the
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distribution of the residuals to the fit in Appendix B, it

can be seen that the weights that were chosen are quite
good.

If it would have seemed necessary, a more rigorous
determination of the weighting of spectral lines could have
been incorporated into the same basic framework. The
various proportionality constants can be thought of as the

leading terms in a Taylor series expansion of the true

..a_.'.f‘

weighting function. One method for obtaining more precise

values of these proportionality constants would be to

AS T NN
RIRY T

synthesize a large number of line profiles with random
spacings and intensities, and then use a least-squares fit
to obtain the best values for the various constants.
Higher order terms in the Taylor series expansion of the
weighting function could have been obtained in the same
manner.

The most noticeable effect of using a weight for each
spectral line was to substantially reduce the uncertainty
in the spectroscopic constants as predicted by the least-
squares fitting program. However, the spectral line

positions calculated using the resulting constants were

LA
e
AP
. '

found to be quite insensitive to the values of the weights
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chosen. This indicates that the effects of line merging on

s
) ‘I"/l.-“. )
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the position of spectral lines were essentially random for -
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the high temperature CO2 spectra considered in this study.
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The more than 8000 lines which were not seriously §%§§

) merged with other spectral lines, were used to obtain new EE&;
molecular constants for 50 bands of CO, in the 4.3 um g?fz

region and 23 bands in the 2.8 um region. The results of ?E}E

the present study, in addition to being a useful source of i%i;

information on line positions of transitions originating
from highly excited rotational states, demonstrate other
interesting principles. Extrapolating the position of high
temperature lines from room temperature measurements is not
very effective, even when the positions of the room
temperature lines are known with a great deal of precision.
The molecular constants obtained from a more theoretical
approach such as Chedin2 has done, while giving a good
qualitative fit to the experimental data, do not predict
the position of spectral lines to within the experimental
accuracy. However, Chedin's molecular constants are a big
help in the identification of the experimental lines, since

they serve as an excellent starting point from which to {$"

begin the search for the lines of each band in the

ok R

experimental spectra. His molecular constants are

/

particularly helpful for those bands that have not been

.

observed previously.
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Several checks were made on the data to insure its kA
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high quality. The wavenumber calibration of the
interferometer and the correct functioning of the computer
program that determined line positions were verified by
measuring the position of some very well know lines and
comparing the positions obtained to those reported by other
workers. As a check that the identification procedure was
working correctly, the new molecular constants determined

for the 4.3 um 120160

> bands were used to synthesize an
artificial spectrum which was then compared point by point
to the experimental spectrum.

For the present study, the spectra of three CO2
samples having different isotopic composition were measured
using a variety of different temperatures and pressures.
Taking data under different experimental conditions assists
in the identification process and maximizes the number of
spectral lines measured under optimal conditions. The
isotopic composition of the three different CO2 samples is
given in Table 8. A summary of the experimental condition
for the different spectra is given in Table 9. Typical
measurement times for each spectrum were 15 hours. The
spectra in the 4.3 um region were taken at a resolution of
0.007 em” ! and the spectra in the 2.8 um region at a
resolution of 0.006 cm_]. When several spectra were taken
under identical experimental conditions the spectra were

coadded to improve the signal to noise. The line positions

and expected uncertainties for each line were then
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Table 8. Isotopic composition of different CO2 samples
used in this study.

Natural sample:

"2c1%, - 0.984 126160180 . 0.004
3¢, - 0.011 126165170+ 0.001
C-13 sample:
"3¢1%0, - 0.880 '2¢70, - 0.005 N
RS
13c165185  _ 0.106 13¢165170 - 0.004 R,
RS
(-}‘.r".u"
0-18 sample: NI
NROGE
o -
12.16 !
C 02 = 0.355 \1“:\
-~ h
12¢180, - 0.167 .
e
::-‘::'.‘}-
VIt
AR
determined as explained in Chapter V. The line positions &3;;
and expected uncertainties determined from the spectra Rl
-.':n\:-
measured at different temperatures and pressures were fgi;
combined into a single data set., Least-squares fits to NG
PR SS
obtain new molecular constants were then performed. 'jﬁ}j
':-':\:-\
The calibration of the interferometer in the 4.3 um Ef:ﬁﬁ
region was checked but no wavenumber correction was made g;;a!
}_.\:.:\‘
since the indicated correction would have been less than -}QH-
NN
- LN *‘
0.0001 cm 1. The check was performed by observing lines of Q&E'

the 1 « 0 band of '2¢'® 12016,

2 e qumy
PN .
3

0 and the v3 fundamental of >
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Table 9. Summary of experimental conditions for measured
spectra,

Region Isotopic TempSrature Pressure Number of
Sample (K) (Torr) Spectra

—~
=
=]
~r

4.3 Natural 800 6 2
4.3 C-13 600 6 2
4.3 C-13 800 3 2
4.3 C-13 800 6 2
4.3 0-18 300 3 1
.3 0-18 300 6 2
§.3 0-18 500 3 2
4.3 0-18 800 3 2
.3 0-18 800 6 3
2.8 0-18 300 2 3
2.8 0-18 600 3 3
2.8 0-18 800 y 3
2.8 0-18 800 15 1

Total = 28

and comparing the measured line positions to those reported
by other workers. The small amount of C0O that was present
in the high temperature 002 gas sample, possibly arose from
a catalytic decomposition of the CO2 on the walls of the
absorption cell. These CO lines have been measured by G.
Guelachvililw with a claimed error of less than

0.0001 cm_1. Table 10 compares the CO lines observed in

the present experimental spectra with those measured by

Guelachvili. The measured CO lines are 0.00014 cm°1 higher
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N Table 10. Observed CO lines used to check calibration of Ll
spectrometer. e

L A

R

o

e

J P OBS 0-C UNC R OBS 0-C UNC Ials

0 2147.0818 2 3 -

1 2139.4269 3 4 2150.8567 2 3 o

2 2135.5470 3 4 2154.5964 3 5 AT

3 2131.6323 2 3 2158.3002 0 4 e

! 4 2127.6833 4 5 2161.9680 -7 9 AT
o 5 2123.6987 -6 9 2165.6014 -1 6 RS
. 6 2119.6815 0 5 2169.1985 1 6 e
N 7 2115.6299 4 5 2172.7595 2 T Do
) 8 2111.5437 2 4 2176.2837 -3 T R
9 2107.4243 6 7 2179.7724 O 4 v

. 10 2103.2707 5 U4 2183.2242 -1 8 e
. 11 2099.0835 3 3 2186.6396 1 5 Roa
y 12 2094.8629 1 4 2190.0182 2 5 e
¥ 13 2090.6092 0 4 2193.360% 8 10 N
» 14 2086.3225 1 3 2196.6636 -6 7 (gse
15 2082.0023 -4 7 2199.9317 2 7 il

. 16 2077.6507 5 4 2203.1613 -2 4 o
N 17 2073.2652 1 4 2206.3537 -3 5 i
- 18 2068.8479 5 4 2209.5088 0 5 aoe
- 19 2064.3979 5 5 2212.6258 0 5 ey
; 20 2059.9153 2 3 2215.7056 6 10 o
21 2055.4013 5 5 2218.7447 -13 13 et

G 22 2050.8551 5. 4 2221.7471 -17 18 Rric
v 23 2046.2767 2 4 2224.7130 -2 4 L
» 24 2041.6673 4 4 2227.6384 -7 8 PR
L 25 2037.0261 4 U4 2230.5256 -8 6 Sy
N 26 2032.3535 2 4 2233.3744 -4 5 AN
27 2027.6495 -1 5 2236.1846 3 7 e

28 2022.9150 1 4 2238.9551 4 9 D

29 2018.1494 2 4 2241.6842 -16 15 S

_ 30 2013.3534 6 5 2244.,3785 10 29 R
- 31 2008.5259 1 4 2247.0293 -4 4 o
2 32 2003.6684 0 5 2249.6421 -2 5 N
i 33 1998.7811 5 4 vy
- 34 1993.8628 2 5 2254,7478 1 9 T

" 35 1988.9148 2 5 2257.2383 -20 13 e
- Observed minus calculated values (0-C) and_ghe _, S
: expected uncertainties (UNC) are in units of 10 em . .:
: s
. R
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on the average than the positions reported by Guelachvili.
The only CO2 band that has been observed previously at both

high resolution and high temperature is the V3 fundamental

-
»
. v

A

rms line position scatter was 0.0003 em ' for the CO lines

of 12C1602. A. Pine and G. Guelachvili11 have made a joint
measurement in which Pine used a tunable laser difference- gﬁgj
frequency spectrometer to observe a 002 sample heated to E§é§
985 K and combined his data with a room temperature €O, Ei;ﬁ
spectrum measured by Guelachvili. The wavenumber ;?fii
calibration of this joint measurement was determined from ?ﬁ;;
Guelachvili's data. The line positions determined in the Eiékg
present work for this band were 0.00017 cm_1 lower on the E§3§
average than Pine and Guelachvili's reported values. The éfié
! e

12 160

and 0.0005 cm™ | for the ' °C , lines. The scatter in the

a ,n

’
N
4

positions of the CO lines was less than that of the 002

ERTIIAOTRL b
‘r"l

hA by
y

7.

N4y

_.
>
Vs

- n*., -

lines since the CO lines were in a region of the spectra

-

where line merging was minimal.
In the 2.8 pym region, the experimental spectra were
calibrated by adjusting the wavenumber scale of the

experimental spectra to match, on the average, the

B Y

positions of the low J lines of the 10011 « 00001 and 10012

TN

« 00001 bands of 1'201602 as reported in the 1982 line ~:’L
compilation.'® These CO, line positions are also ) "'-'.!“
indirectly tied to Guelachvili's line positions. »;:J
Recent work by other researchersug'so has shown that \\:
there are systematic errors in the line positions reported PO

152

RV y ) et TN e n.' A -\ Se 7 -\ " ~.' --' I T S R TN 2 LR . P IR S R - -~ *
w ol Pl L L J‘_'f_.." PGS _..r._.(_.. G PN U PR Lt SOl R ,_-‘\ o



1

to 0.0004 cm

by Guelachvili. His values are 0.0002 cm_
too high. This implies that the line positions presented
in this report are also too high by the same amount. No
wavenumber correction was made, because the exact
correction was still somewhat unclear, and a correction on
the order of 0.0003 cm-1 would have been of questionable
value, since the line positions of the present work are not
accurate to more than 0.0004 cm-1 due to random noise in
the experimental spectrum.

12 160

The 19 C > bands that were identified in the 4.3 um

region are indicated on the energy level diagram of figure

37 and the 11 '2¢'%o

> bands in the 2.8 um region on figure
38. There were fewer bands identified of the other isotopic
variants of COZ’ primarily due to the increased difficulty
in identifying these bands. A complete listing of the
experimental lines used to obtain new molecular constants
i1s given in Appendix B along with the expected
uncertainties and the difference between the observed line
positions and the positions calculated using the new
molecular constants. Information on the least-squares fit
for each band is given in Table 11 for the 4.3 um bands and
in Table 12 for the 2.8 uym bands. This information
includes the range of J values, total number of lines, and

the standard deviation. The new molecular constants are

given in Table 13 and Table 14 for the 4.3 and 2.8 um

bands, respectively.
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Bands for which molecular constants were obtained in the

4.3 um region.

Table 11.

(10”%em™1 )

Number of RMS Error
Lines

Range of
Measurement

Band Center
(em™! )

Isotope
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Molecular constants resulting from the least-squares-fits in the

4.3 ym region. (cm™ ')

Table 13.

B" p" 10"7 Hv 10‘13

B' p' 1077 H 10713
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Transition
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Molecular constants resulting from the least-squares-fits in the
2.8 um region. (em™ 1)

Table 14,
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The constants reported in Tables 13 and 14 are
effective molecular constants and so should not be
expected to accurately represent the internal structure of
the CO2 molecule. The purpose of these effective constants
is to provide a means of reproducing within the
experimental accuracy the position of spectral lines over
the range of J values covered by the measurements. For the
CO2 molecule there are a great many interactions between
different vibrational states. The effects of these
interactions are accounted for by allowing the different
effective molecular constants to float freely in the least-
squares fit of each band. Molecular constants obtained in
this manner are not self-consistent. For example, the
molecular constants obtained (see Table 13) for the

12 160

vibrational state 00011 of C from the 00011 « 00001

2
band are not consistent with those obtained from the 00021

4

00011 band. Molecular constants which are self-consistent
and predict the position of spectral lines with nearly the
accuracy of the experimental lines have also been

deter‘mined,u8 but not as part of the present study.

The 12C16O2 pressure in the high temperature
absorption cell was too high for making accurate
measurements of low J lines of the V3 fundamental, as the
purpose of the present study was to observe lines

originating from high rotation-vibration states. Hence

only lines originating from states with J > 40 were used in
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the least-squares fit for this band. Notice that since low

J lines were not used in the least-squares fit for the v
12C16O

3

fundamental of the resulting band center was too
2

high by 0.0013 cm-1. If the v3 fundamental had not already

10,11

been well measured it would have been beneficial to

12C16O

make an additional measurement with less >

in the
high temperature absorption cell.

There was one band, the 05511 « 05501 of '%c'®o,,
where the P branch was readily visible, but the R branch
was not located. For CO2 there are some bands such at the
11101 « 00001 band where one branch has a much stronger
intensity than the other branch. This nonsymmetric
intensity pattern would not however be expected for a
parallel band such as the 05511 « 05501 band, unless some
unusual perturbation was occurring. Since there is a
possibility that the lines attributed to the P branch of
this band are misidentified, the 05511 « 05501 band is not
included in Tables 11 as one of the bands successfully
identified. However, lines from the P branch are included
with the other observed lines in Appendix B.

There were a considerable number of lines in the
experimental spectrum that were not identified. As was
explained in Chapter V, little effort was expended in
attempting to identify bands having a lower state

vibrational energy greater than 3500 cm-1, since the

resulting bands would have been so fragmentary.
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The observed line positions for a number of the bands
of the present study are compared to the line positions
calculated using the molecular constants obtained by other
workers on the residual plots of Figures 39 to 48. When
comparing different plots, note that the scale on the

residuals plots vary by more than a factor of ten. The

1 1

range of the residuals vary from +0.03 cm = to +0.5 cm .
Guelachvili10 has previously measured several of these
bands using a room temperature gas sample with more
precision than the present work for low J lines. It is
interesting to note how poorly these constants predict the
position of high J lines (Figures 39 to 42). Notice the
large discrepancies (Figures 39 and 40) between the line
positions predicted using Guelachvili's molecular constants
and the experimental line positions when J > 80 for the
01111 « 01101 band of '2c',. Guelachvili's measurements
extended from about P(64) to R(64). Also note the 10011 «
10001 band of 12C16O2 (Figure 42) where the range of J's
was P(U40) to R(UL4). These large discrepancies could not
have resulted from the wavenumber calibration problems
present in Guelachvili's data that was mentioned earlier,
since his calibration errors resulted in only a simple
offset to the data. It appears to be a general principle

that the molecular constants Gv’ B D

) ) and HV obtained

using low J lines do not successfully predict the position

of high J lines.
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For the asymmetric CO2 molecules 120160180,

13C16O180, etc., each P and R branch is split into two
branches by &-type doubling when & > 0. The e and f lines
are so closely spaced for some values of J they were not
resolved experimentally. The J dependence of this
splitting result in the e and f lines always being very
closely spaced near the band origin. For some bands, the
difference between the e and f lines becomes very small at
locations in the P and R branches other than at low J as

well. In the 01111 « 01101 band of 12¢'%0'8, the e and f

series cross at about R(65). Since B, = B, for the 02211 «
02201 band of 12C16O18O. the e and f lines were not
resolved until about J = 60 of the P branch and J = 70 of
the R branch. Having merged lines adversely effects the
quality of the least-squares fits since the effects of
line merging were not modeled. Unresolved lines were
particularly a problem when the spacing between component
lines of the spectral feature was just slightly less than
the experimental resolution.

The range of rotational levels measured for the
12212 « 02201 band of '2¢'%'80 did not cover the wings of
the band where the e and f sublevels had sufficient
separation to determine unique constants. In addition the
strong Coriolis resonance of the upper state with the level
23301 caused the unusually large higher order distortion

constants for this band at 3511 em™ ! as given in Table 14,
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X The constants for this band are only given to reproduce the

,3 lines observed in the present experiment. Similar caution EE;
% should be exercised with the 12212 « 02201 band of '2c'®o, e
N for which a similar resonance exists. ?ﬁbi
}E Chedin's2 model using an empirically determined :

i} potential function predicts the position of spectral lines

N within an accuracy of about 0.0t cm_1 for low J lines for

;3 most bands. This is about 25 times worse than the

E? experimental determined line positions. How much of this

i; inaccuracy is due to improper modeling of the CO2 molecule

- and how much is due to inconsistencies in the data used to

5 obtain the empirically determined potential function is

D still unclear. However, Chedin has recently rerun his

ij model using improved experimental data,51 including a éﬁf‘
f; preliminary version of the 1201602 data presented in this DA
3 report.12 The improvement for the bands considered S
2 in this report was minimal, implying that his model af?
EZ in its present form is approaching its limits. However, ;iif
.: Chedin's model predicts the positions of spectral lines ¥;;
Eé more accurately than previous models, such as the model }ﬁiﬁ
E used to calculate (for lines that have not been measured ;ii
~ experimentally) the position of spectral lines for the AFGL ;E:
fi line compilation.2? %Ei
‘2 The AFGL 1978 line compilation’? was based on lower 3?3
'f temperature or lower resolution data, or both, than the %&;
2 i
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I CHAPTER VII

CONCLUSION

By heating the 002 gas sample and using a high
resolution Fourier transform spectrometer it has been
possible to observe T3 bands of CO2 and measure the

position of spectral lines with a wavenumber accuracy of

i 0.0004 em™', including lines originating from high A

rotational energy levels. This represents an improvement N

¥

in the knowledge of the position of spectral lines, at

) '.f...ﬁ . ...

Y
1]

least for the high J lines, for all the observed bands

|
: except the v3 fundamental of 1201602

DL

< ').'.l:{' )

The spectrum of high

V-l"'/'J
afale
1]

temperature CO2 is so rich in lines that the high

L

YRR
oy

resolution of the AFGL two meter path difference

0
o

interferometer was needed to separate individual spectral
, lines from the many other overlapping bands. The large ?j

number of overlapping bands made the identification of the BN

AL

. various bands very difficult. To overcome this problem a

system of interactive computer programs was written

P

s
R W
»

: incorporating, among other features, an automated Loomis-
Wood diagram and an iterated least-squares fit to the data.

This improved knowledge of the position of CO

2
spectral lines can be used to further several different

areas of research. Since the CO2 molecule is one of the

most important infrared absorbing molecules in the

4 48 .F A A AW oT.

atmosphere and plays a fundamental role in the heat balance
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of our atmosphere, this knowledge of the energy levels will
be important to atmospheric studies. These improved
spectroscopic constants will be particularly useful for

problems that deal with high temperature C02. Data

CHEE S A A AR L LR e

obtained on spectral lines originating from high energy

R T ) Ao N ¥R
RPN :" P

levels and form different isotopic species provide
information that is helpful in determining the shape of the
CO2 potential function. Studies of the CO2 molecule of a

more fundamental nature and studies of the general

L
3
-

v
0;’
o,

. .
LS
-,

formulation of triatomic theory will also be benefited by

these very accurate high temperature measurements of

P
sy

different isotopic species of COZ'

P
LS

In addition to the detailed information on the

ar
i

ST 4
d

L ) W wdrtr e Tod

positions of spectral lines, this study demonstrated

]
b

.

> constants Gv’ Bv, Dv' and Hv are determined band by band,

-2 as they were in the present work, there is a great deal of
",

C' interdependence among the different constants, particularly
.

-'1

'

;
.

several more general principles. When the molecular

between the Dv and HV constants. Extrapolating the
position of high J lines from low J lines can quickly lead
to large errors. The errors in the predicted line

positions typically increased by an order of magnitude for

every 10 J's of extrapolation. Existing global models of AT
P

the CO, molecule do not predict the position of spectral f:f;:
O PN

-. \

lines as accurately as they can be measured experimentally, ;;SB
even for low J lines. Chedin's2 model predicted the .ﬁiﬁ:
S

.-::. S

S,
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position of spectral lines with an accuracy of about

0.01 cm-1 where the experimental accuracy was closer to

0.0004 em™'.

Recommendations for Future Work. There remains a great

deal of work to be done on the CO2 molecule, both
theoretical and experimental. Experimental measurements
need to be made on additional rotation-vibration bands in
different regions of the spectrum, particularly in the 15
um region where much additional information is available.
It would also be useful to obtain information on still
higher rotational and vibrational energy levels. This data
could then be incorporated into a global model of the 002
molecule. If a model of 002 that could predict the
position of spectral lines within the accuracy of the
experimental spectrum could be developed, it would not be
necessary to measure as many rotation-vibration bands, but
at present the only way to determine line positions

accurately is to measure them experimentally.

4
’
*
&

pA Y
“5 r
P2

%]

'.I-.{-.'»'P
L] l".
AR g
DAy v

AL
- T
I..fl'fl'
A
.lbl\‘

.

5
[ A .
LA

X
ﬂl

Y Yy
‘7
PO

»
?.

v A
"“r
P ACATE
ﬁ'ﬁ

.

P’s
s N

‘:;/;,'1-"1 o
e
S‘.a ’

e e »

n".'.'.'.'.'
R Y o
3 ."'n '.I"- 'l‘
AR
MNRI I ¥

"
oy




AdSl A
O

s
OA)

5% Yy

...-.\\.-

¥ Y
]

e

A .\. , ﬁ oy -w. .....-f. <& f-

A Ar <, 7, é

o
[+0]
—

S N IPRTA. Sy 9

- .
P Sy W

L.
A

Ta

" %

e



-------------------------

LIST OF REFERENCES

1. M. Born and R. Oppenheimer, Ann. Physik. 84, 457
(1927).

2. A. Chedin, J. Mol. Spectrosc. 76, 430 (1979).

3. A. Trowbridge and R. W. Wood, Philosophical Magazine,
Series 6, 20, 898 (1910).

y, E. F. Barker, Astrophys. Journ. 55, 391 (1922).

5. E. K. Pyler, L. R. Blaine, and E. D. Tidwell, J.
Research Natl. Bur. Standards 55, 183 (1955).

6. R. Oberly, K. N. Rao, Y. H. Hahn, and T. K. McCubbin
Jr., J. Mol. Spectrosc. 25, 138 (1968).

7. T. K. McCubbin Jr., J. Pliva, R. Pulfrey, W. Telfair, RS

~ and T. Todd, J. Mol. Spectrosc. 49, 136 (1974). L
; 8. D. Bailly, R. Farrenq, and C. Rossetti, J. Mol. :ﬁﬁﬁf
Spectrosc. 70, 124 (1978). : ;fg}i
R
9. A. Baldacci, V. M. Devi, D. Chen, and K. N. Rao, J. PO
" Mol. Spectrosc. 70, 143 (1978). ‘ T |
N
2 10. G. Guelachvili, J. Mol. Spectrosc. 79, 72 (1980). g§${§
o 'f. s
3 1. A. S. Pine and G. Guelachvili, J. Mol. Spectrosc. 79, L
84 (1980). RERAS

12. M., P, Esplin and H. Sakai, "High Temperature
Absorption Spectrum of 4.3 Micron CO,," Procedings of
"Spectroscopy in Support of Atmosphegic Measurements,"
WP11 (1980).

13. M. P, Esplin PhD Thesis, University of Massachusetts,
May 1985,

14, L. S. Rothman and L. D. G. Young, J. Quant. Spectrosc.
Radiat. Transfer 25, 505 (1981).

15. M.
100

P. Esplin and L. S. Rothman, J. Mol. Spectrosc.
» 193 (1983).

16. L. S. Rothman, R. R. Gamache, A. Barbe, A. Goldman, J.
R. Gillis, L. R. Brown, R. A. Toth, J.-M. Flaud, and

h C. Camy-Peyret, Appl. Opt. 22, 2247 (1983).

. 181 RN

: RN
A J\ v
(W

et P e At e et e et Tt T v, ., Ce e N h v ptatatpatetatala e T
. -_’-,'_s"-.}:.'_g. “ ,':.._-.. _}‘. .~ RN .'_:..__.'_. TR IAOAS el T AN S L ___4:.. R L CN 4
ta . . A !



2%

e e € WAl

RECRERS A

LYY

’
PO

L AL A
l‘ Py .

17-

18.

19a.

19b.

20.

21.

22.

23.

24,

25.

26.

27.
28.

........ URatt L o S R e, e . e S s

M. P. Esplin and L. S. Rothman, J. Mol. Spectrosc., in
press (1986).

D. Bailly, PhD Thesis, Universite de Paris-Sud,

(1983); also see D. Bailly, R. Farrenqg, G. Guelachvili,
and C. Rossetti, J. Mol Spectrosc 90, 74 (1981); D.
Baigly and C. Rossetti, J. Mol Spectrosc 102, 392
(1983). '

K. J. Siemsen and B. G. Whitford, Opt. Commun. 22, 11
(1977); K. J. Siemsen Opt. Commun. 34, 447 (1980).

V. M. Devi, C. P. Rinsland, and D. C. Benner, Appl.
Opt. 23, 4067 (1984); R. A. Toth, Appl. Opt. 24, 261
(1985); C. P. Rinsland, D. C. Benner, and V. M. Devi,
Appl. Opt. 24, 1644 (1985).

G. Herzberg, Molecular Spectra and Molecular
Structure, Vol. I, "Spectra of Diatomic Molecules,"
Van Nostrand Reinhold Company (1950).

G. Herzberg, Molecular Spectra and Molecular
Structure, Vol. II, "Infrared and Raman Spectra of
Polyatomic Molecules," Van Nostrand Reinhold Company
(1950).

R. A. McClatchey, W. S. Benedict, S. A. Clough, D. E.
Burch, R. F. Calfee, K. Fox, L. S. Rothman and J. S.
Garing, "AFCRL Atmospheric Absorption Line Parameters
Compilation,"  AFCRL-TR-73-0096 (1973). AD762904

M. W. Hanna, Quantum Mechanics in Chemistry, W. A.
Benjamin, Inc. (1969).

M. P. Esplin, R. J. Huppi, H. Sakai, G. A. Vanasse, L.
S. Rothman, "Absorption Measurements of COa and H20 at
High Resolution and Elevated Temperatures, AFGL=TR-82-

0057 (1982). ADA113824

L. D. Gray and A. T. Young, J. Quant. Spectrosc.
Radiat. Transfer 9, 569 (1969).

The Infrared Handbook, prepared by: The Infrared
Information and Analysis Center (IRIA), Environmental
Research Institute of Michigan for the 0ffice of Naval
Research, Department of the Navy (1978).

W. S. Dalton and H. Sakai, Appl. Opt. 19, 2413 (1980).

J. H. Taylor, PhD Thesis, The Johns Hopkings
University, Baltimore Maryland (1952).

182

S AR

iy

DA R A
.;f&-" l‘. l" Py
I 2]

et e

4.',"-

T !l'.".f-"‘ ") ’
B

.._
AN

MU RO “e "o 'y
RN AV, e

ol
o e le e

‘
Ny

4

IR
ERE
s
1::';'."'

e

L4
DR

LYEAR N

s
t.
LA
\l'o
»,

o
o
o
o




saa A

PR A

ANy L O

Far P PPl

T Y

29.
30.

31.
32.
33.
34,

35.

36.

37.

38.
39.

uo‘

41,
u2.

43.

aVlaVam . RTINS N R S RTINSV .

J. U. White, J. Opt. Soc. Am. 32, 285 (1942).

P. Fellgett, PhD Thesis, University of Cambridge
(1951).

P. Jacquinot and C. Dufour, J. Rech. du C.N.R.S.
91t (1948).

oy

J. Connes, Rev. Opt. 40, U5 (1961).

G. A. Vanasse and H. Sakai, "Fourier Spectroscopy," in
Progress in Optics Vol. 16, Ed. E. Wolf, North-Holland

Publishing Company (1967).

R. N. Bracewell, The Fourier Transform and Its
Application, McGraw-Hill (1965).

J. Connes, "Computing Problems in Fourier
Spectroscopy," proceeding of "Aspen international
Conference on Fourier Spectroscopy," AFCRL-TR-71-0019
(1971). AD724100 .

E. V. Loewenstein, "Fourier Spectroscopy: An
Introduction," proceeding of "Aspen international
Conference on Fourier Spectroscopy," AFCRL-TR-71-0019
(1971). AD724100

H. Sakai and G. A. Vanasse, "g}gh Resolution Spectra
of CO, in the 3500 to 3770 cm Region at 625 X,"
AFGL-TR-77-0039 (1977). ADA040746

H. Sakai, "High-Resolution Spectra of CH, in the 2700
to 3200 cm Region," AFGL-TR-76-0280 (197%). ADA0 36331

H. Sakal, "High-Resolution Fourier Spectroscopy,"
AECRL—TR-74-0571 (1974). ADA006688

H. Sakai, "High Resolving Power Fourier Spectroscopy,"
in Spectrometric Techniques, Vol. 1, Ed. G. A.
Vanasse, Academic Press (1977).

K. W. Taconis, J. J. M. Beenakker, A. 0. C. Nier and
L. t. Aldrich, Physica 15, 733 (1949).

T. Yazaki, A. Tominaga, and Y. Narahara, J. Low
Temperature Physics, 41, 45 (1980).

L. Mertz, Transformations in Optics, John Wiley,
New York (1965).

.......

EP Al SN

(Y
W N

Ly et T s
N DA
:sl...'.','.: o
[ N AR

8L A0

:;ﬂ”W;s
158




N
IS A A A SN LA RS SRt et CA ACAE R SR TR ARG R Rt SR DR P

ok M g ma vk et oa b AR S CRA A Ca a D ar s ML MANCOLAL ARG AATASIENA SR AR S ERELE L E RS D
3
b

. 4y, J. W. Cooley and J. W. Tukey, Math. Comput. 19, 296
: 2
. (1965).
! 45, F. W. Loomis and R. W. Wood, Phys. Rev. 32, 223
\ (1928).
\
; 46. Philip R. Bevington, Data Reduction and Error Analysis
\ for the Physical Sciences, McGraw-Hill, Inc. (1969).
' AN
; 47. G. Guelachvili, J. Mol. Spectrosc. 75, 251 (1979). ﬂﬁ&ﬂ
NN
3 48. L. S. Rothman and M. P. Esplin, "Self-Consistent 52?33
Analysis for Line Positions of Carbon Dioxide," ::{;
. o

Symposium on Molecular Spectroscopy, The Ohio State
University, Columbus, Ohio (1982).

49, C. R. Pollock, F. R. Petersen, D. E. Jennings, and J.
~ S. Wells, and A. G. Maki, J. Mol. Spectrosc. 99, 357
(1983). '_

50. L. R. Brown and R. A. Toth, J. Opt. Soc. Am. B. 2, 842
(1985).

51. A. Chedin and J.-L. Teffo, J. Mol. Spectrosc. 107, 333
(1984).

52. L. S. Rothman, Appl. Opt. 17, 3517 (1978).

184

........




T, .-. Yty Y
N SN N Y
S

. s

~
A PR

WU
ALY

TGN,
YOSRRICON

TSR
3.

Py W Ve VS

w0
o]
—

APPENDIXES

e oal
RNV )



- -

XA RIS
s

- .
v . "y %y

\(\L«\. \)\ (4 . P
- A [ \-
el NPV LA A AL
. ..t

Iy

.

\l

o
’
‘s
?
A
(]

AT

186

,

’

‘

.

[

.

L]

4

:

-

.

=

r

A,

b}

)

\-

/]

! o
“
LS

t l'
00
. v

" )
o

s

Y % - o o v -l LN L R AR v LSS (| 1 . . 3 g v o



r.-n\.f\. f_\ . . v, - 3 E AR ,a .......‘..
' ) a » g > ., . .
: »” rFre . . A y iR
R _.\.ﬂ..\f\...f.. . o A A IS H o 44 DU i A 5 I A

I
4
J @ .
o o
1 [ .
b, o R
1 S ...\
\ n \. «
N 3 s
- - s
3 g
N — .
, £ £ [ \.-\
a 3 B4 e . £ o
. £ o =~ ' ..\
. L o [Tq] [ o B
4 o o . «© P
N () [+0) o™ O = \I
. %w. Y,
i 5
. . o
b, N 5 .
3 1 nnuuv ..mua . S
y o o
‘.. > [wd o] ..‘-w
[, - o o [ o ~
" o £ 0 R o “x
4 = = = - s
) I~ o O ¥et n ~ )
” a. © — o o © ..~f
Y, o ¥ [ © o, — ;
> = ) - - oo e s
b ! = Z o O R
" O o =1 o o N
y = (O I o o o
] © ! V— i
e £ = ¥ (o - | o .....*
.- &0 < 0 £, n (o] oy
y - [ o O n T
= T Z B © © O .~
[¢a] () 0 | ¥ n ¢ .4,
¥ B < a M b
l. — -.l 4
) o N
b x1 -.-._
k., a .r.u
9 & !
o Ay

NN -c.n-...f.

P AN ]




‘vu-. #411.‘..

RIS IR A TR e T A Iy

P R

b ..‘...... h'u o M
L]

A .fjx-v‘v ....-‘-un. 3 r oL, A A

AN ‘L.-\.-a..-.»._r\-; ‘.‘..J{J(JJ';; [AEREAEN ... ) -f..-..(....,-... * ,.'\J. RRRCI IR .E:...--s--(- \..v 7

.

gt w .#L ﬂw

‘... A
2 ........v. X Wﬁ

2010
2020
2030
2040

T
© ey e

M A A A AT T S g S A

AN

\
— e —— e e e
"

... 1

f i 1
, _ n 0 N
4 i) = N im i
3 8 B S " o
. o P ! © v
b, H ! A ~&
| | ; .
; ; ’ ol
¥ ! RS
% ! ”
-.., i .w [ [ g
5 w

,.“_ | r S i
¥ { |
p 9 S 3
e |

",

b Q o] Q Q
t. r.O _lm lnn/.v rm__Uu

8 & © Q

N

AN

)t

A




B WA S AT A d.d& AR s LT -.t.A- LA A TR T 4.....\..........0. ‘.\.\..ﬁ.\.-.: - *-...‘.
- _. -Af-ffhﬂ\f“hm A o \... A e S .\.\-\.\.\f\ AT RPN e AR R A PR LA I TR A

AN N

U YR Y

2050
20860
2070
2080

—a

-

-
4
P P

..

.

L3
—

?r/q.

(@]

4
2055
2065

189

r
-
(g .

——
y—
e

o

.

v
-
P PP

2040
2050
2080
2070




LML I Y I SN U A S Y B AN

- I XXRRXAA

[ S P A A A YL,

YUY Yrd L.

y Lo v

m
!

v r e

s, o o

o0

2090

-

2085

ol

2080

cre
2"

RO | T AT

“

-

2100

2095

2030

Sy e e v o T’y
R R

00

N

PR XA

APV A AR LR Lo A RS A 3

2120

218

2o T

190




AD-A173 808 CARBON DIOXIDE LINE POSITIONS IN THE 28 AND 43 NICRON 374
EG OllS AT 880 KELY.. (U) I.ITIIH STRTE UNIV BEDFORD M

T RADIANCE LAB LIN ET AL. 19 FEB 86 '

UNCLASSIFIED SCIENTIFIC 16 AFGL-TR- 86-. ‘ G 7/4




s ¥
av.a

AT‘.'

"

Pt

———

& L |

>

{

2l

N

1.4

1.25

£

oy --c\-\ - A .
IR L T PREN S

MICROCOPY RESOLUTION TEST CHART

STANDARDS 1963-4

NATIONA| BUREAU OF

FUE Y g ey .

" S o

Lo

SRR

. A R SPRIS
PGPS

oo

.
.
Y




A WA LYY IS
W.“.H..JM .L.... \Aw\-m * ‘ r\......\)....\..«.. 5] \.......M........xa ..n\.h qﬂfﬂ.ﬂ n\.u..u..ui -
Ny PN LAy YRV -n..f....f...f_ NN AL N A et
w..«. LR ARG AAAL YL LIPEN NS Iy M MRS &.\\w\‘...w\n.\u\wn!... AN : O RERRA IS Y ¥
“ . . - SRR AR b e -1;
2
. .
1 .. nl
o .f\.
w ‘a 1
. s
A e
; o~
i

R
v ‘.,

=~
.
WA

L 4
v Q 3 3
v N I.m ﬁA — m ‘-L
b ~ ~ ~ ~ N
v. ' \-..w
; , T :
w. ~q
. X
y i e
¥, - ( i ; ’
i . ”
v,
A !
y, ﬁ
‘-
: | [ |
v
v S q
" | & Tm ﬁ4 -
'”. m“_ o~ o ~N
y ' o
- f s : on
: -—
— .
T n
b 3
2 - { {
v-
-
b
3 ] [ ] w
4
’.
m. ﬁ d ,
F,
_--.
v Q s g i
f L g Py =
: § N “ N
-
’
r. &
_.,.. b
- K
.-r. a
P v
; &
; AN
)
‘ ¥
; . X
; . 3
Wl AT ERAEE AL ARRRRRART T




YV TV Cata ey FIADTAPAS i Ty e TiINdo NS (AR AN
\J\-n\ 1 \....,.../\& N\“\J\I\P\J\(\A 4“1.\.””.,-\.\- “w\”\ - ....I\J-f..f\-.- d\\\--\-... .\-\«
Yy e . a W L. ) [N . 3 AN ‘ s
»- f h LA AR S ) P R It TN bolrien ..-.n-\.v ﬁ\?.\f-f-\f PN B
v,
L3
1
/,
x
.-
v, j@) Q
. o Q
._ R ® 5 kS
- o~ N : N
4P
..— .
' ! L ¢ !
'
_ 3 - - r

213

: PN
: N
(o))
] - g 1 “ -
: | | : ﬁ
. v . ﬁ . |
[}
‘
. | b d
*
7 Q o Q (@]
. ) L~ L0 rm
— — -
o~ N oN N
4
»
> oy v > 2 Y v v . . v - BAP I JU N X .-...t---\u_

YRVl [RARRARAT  LY3icR R XIITAR | PRRREGN. 00C  UNIPRAA] XAREIA Xy



_\ﬁ\ﬂﬁﬂq e . AN e e s N H Y Y Y [ e )
AREEERR b4 PR , U
.r‘....l... # As..- f\ﬂ- r..\-..”_r.n..f 5q

\&. RGO
S0 ..h;.\ .\J\I-

AN P P &y
'l I) -d- ...ﬂﬂ-ﬂ. ‘s \..-\n.- .I

3

N

h. .-
TAR

paratar
PAS N Xy FN

Fary

}-.

ENAF SN

2740
»

2210

' 2220

2230
g

AP P

o

-

-
e e

IC SRR
TR S Y

. ————————— —-

2235

‘-.h

2225

-

LAy
D SV T )

193

W

'.- '_-\.-.
Te g ™

-
-,

.‘:.

Lol A

.

~

2220
2230

22G0
2210
o

‘.\' \".\'-‘-

-

3
-
Cm e e - .
\.r\.;\_f‘.' L4

-,

e

. - e e —~ N ey rTe T vUw ~ C - “ e e " —pma e - S - y .

a
L)



'J"

PR F 'l")'

Pt A B e N A 8y 2

JORIPA AN R

»

.

N
Iuncc\f- A fd
A XA AXA

J“‘. \\ 1,“
¥ .u...uemr..rs r....a.-r
v
SAANNS PR Xy [ S ]
L% et M Rt AL

H

W _.
!

_-.-.-.-\--.-ﬂ

b
[\
(4]

2240

ks..\\\ w

R _ s
LESPRra, .E[\u\-\;r\ﬁ P\F\.(s

v

2250

b R Fata ek 2 28

\\\ \?\xx..\..a.

(-I s
‘ .-”a IM

-xlF-F’!

AR TR AR

2260

2w W e e -

’ ‘\.

o

ATy &

Lo r v
---.-l-.
..-.

hy) ..\.-\..\..\. \

225

227G

194

~ -
A
PR WA

SR EAVLY

R

- »
L3N 9

2edl

~ e
N

‘.\
N

o

5 Y

N
LA
LSRR TR

6

.._" o~

aiads

-t
L%

. T

RN
Dl

LY Y
WA

AN

A
2 LS

T,
>

Y
Yt

P,
A

o
A

-
o
A

- v .J"
OGS

.-'-( -’ -"
,13':‘,'14‘1"’

o
-

.
a
14

3



. . . . . ... ‘..\..........
AN . DN A RN TN SANOL
EARB AL XA A AR AR AR SRS

-
a ™

AVRRNRY

2290
2300
RO

.
-
-t

S

RO

-. .‘. -
A

I S
.
R AI P

215
R
P R G

2295
231
195
S

-

ERT R
WY

B
TN

e ate%e%at
e,
[0, B>,

- 4‘)

2280
2290
2310

s
v ., .
.h}.r_'.p Carlta

) BARALS _-.'
FIEID 34

>
.
.

N
(A AR AN
BN BRI AN R

S A A B 4 A A L LA W.....za..‘..—...p LA | ST (o AV ARALIIL " ARAAARX] LA A .._.‘.......

b



S o St kAR A A St ASSA e

o

e A0 2 16 A

—
0y

-
~

At

'l ST owEFPFYPY FEEFEEEL ‘ahbk]

Yy ¥ w)

-.r

-\-\

2325

2320

. -. .. ' L% Yo T
.%B.m wnmwmmmmw WJVMMV\f:
« . L)
P Lami'. . .-.h\\:‘-\.\.\.\\.-ﬂ\ .\\\\\.-
s 3
r )
~ N

2330

A DA

2345

2340

.....
.....

60

—

23

196




X

p ! o N .
\.\Iﬁ A _f.v\l\(l--.f.-- ¢] .‘-.-.
A2 B A RAARA BN B ARt I I A N AAA A
.gf)*.!? MY T TR ) SRR A A aat A Y ISR AP LPAT A RN ..-.J.J.......I..
..-
.\
A(
¢
Ly
v
’ (@) w
o m m
. Sh—— _.N — [0
o 3
%
!
g
’ 1]
A
mw
. N
\L
. [
2 m
wl 4
J
-
(@) o]
. 9 -
F ~N N

7

{r\yauvnwv*ﬂyﬁ‘Y

2385

2380

2400

L D

e
S

I3

23

—, .

-r

2390

A mdesn s, PRSI  AANORIAIN T IRARE SR CTENFREREL, JYUWNWWNEE Ok B USROGy T

197

AN IR

-l-io!
PRy



Y ”
ﬁﬂ%“h&w o

ARSI P

R A SRR AL
SRR N S o ey ...........- -
§ [N, el

LR R A N N e |

d SOOI e
RPUNCIE :..rx.\ SR
PREoy N UE Y R RA

[T ARV AP LT SRR R N

’
Il
-
L4

TETETRCT,

TET

MEPICA e

.

198

') (AR ERL Y r2ISr: FPIEEAARA SUNPLRIGINL W XA NN o e e P RS U SRR AP R RS I A AR R R R A AT AT



hAAARAL ¢
) .-.. Y. . ...\..\............a .....a‘ .w
" ,vﬁs‘.ﬂ‘..f\..esfs : I Y
P R Y WIATIIN A ¢ P I A
P,
3
g
rw
r-
h
;
; n
g 3
3 = —
3 - o
; =] =
g =
3 o =
(V] .
p > (2] (o}
h . o
N (V] d QO
3 n o
Y o o . -
., n o L) o (@]
X o ® N
3 — + g —
" fx, . 1 9] o
b — o o o
b n ' O O -
[ ] =] = i) (&)
- % O 3 o«
r. (4] O
. = c ©
r. o o~ [} [} ]
3 m| o PO %
o ) ¢ © O o
b >l » VT R Y
3 — ] © A 0 WO
£ nl © % o
b, zl o ~ o -
r. = [ | 2] [qV] o
& o, 0 o O o
b al o o = V) padl
fy <t -~ ~r © - -—
¢ ] (&
b, © [] ~ gE m
v, [ V] [=} (@] O
9 ) o 1
A fen] w— O = []
Y. e ~ 1
o 3 . o w
; ) n N - ™
Y, IS o o Vo)
2 - a8, 3
¥, [ | — o) -
£ o o N
S > o O
-t FERNEV.)
I — kol o~
[} = (&)
\ T O 3N
A [ o —
> ~H &
b 1 9 = el "
5} Q (¢}
N A © O
O ® S N
o o (3] O

.
¢ 1

R e s ey Y C.". . Gy )\ Y Y 5 1 v symmmc,cy v o as s By SO L PR R TP .‘P\“ﬁf\’ﬂ’!'ﬂm!' lll’.l‘.’arr‘xln\\



U N S REARER % e

L

AR LS

l‘)’.-' -.l A'. l""-. s ..‘ v..

.
M

PN SNY ) AV . ¥

‘r~( \r

AN

PR L INAOMNNEMINN L] CC

v

.
r.
r;
o
[

e
o
(‘
.»
o
\.‘.
~°
1.'
4 .
Y
v

The 4.3 um Bands Included in Line Listing

ALOCASRSATLE g LERSHARERARS

Band Center

Range of
Transition Isotope (cm_1 ) Measurement Page
05511 05501 2286.753 P( 85)- 221
13311 13301 2288.3903 P( 68)-R( 63) 219
13312 13302 2290.6806 P( 80)-R( 71) 219
04411 0kYuO1 2299.21 U1 P( 89)-R( 75) 221
02221e 02211e 2299.2395 P( 79)-R( T71) 213
02221f 02211f 2299.2395 P( 78)-R( 76) 213
12211e 12201e 2301.0539 P( 88)-R( 60) 215
12211f 12201f 2301.0539 P( 89)-R( 81) 215
10022 10012 2302.3735 P( 77)-R( 73) 207
20011 20001 2302.5227 P( 80)-R( 78) 206
20013 20003 2305.2568 P( 86)-R( T4) 205
20012 20002 2306.6920 P( 62)-R({ 56) 205
03311 03301 1216 2311.6681 P( 90)-R( 85) 217
01121e O1111e C 0, 2311.7008 P( 86)-R( 60) 208
01121f 01111f 2311.7008 P( 89)-R( 91) 208
11111e 11101e 2313.7726 P( 95)-R( 89) 211
11111f 11101f 2313.7726 P( 92)-R( 88) 211
11112e 11102e 2315.2350 P( 61)-R( 61) 211
11112f 11102f 2315.2350 P( 98)-R( 88) 211
02211e 02201e 2324.1410 P(102)-R(104) 213
02211f 02201f 2324.1410 P(107)-R(103) 213
00021 00011 2324.1820 P( 99)-R( 79) 207
10011 10001 2326.5980 P(108)-R(106) 204
10012 10002 2327.4327 P(106)-R(102) 204
01111e 01101e 2336.6330 P(113)-R(115) 208
01111f 01101f 2336.6330 P(114)-R(110) 208
00011 00001 S349.1446 P(126)-R(118) 203
04411 0UHO1 2236.6789 P( 90)-R( 95) 250
02221e 02211e 2236.6790 P( 61)-R( 55) 248
02221f 02211f 2236.6790 P( 72)-R( 60) 248
12211e 12201e 2238.5706 P( 88)-R( 40) 248
12211f 12201f 2238.5706 P( 89)-R( 77) 248
20013 20003 13.16 2240.5362 P( 88)-R( 90) 244
20012 20002 C "0, 2242,3238 P( 82)-R( 62) 24y
03311e 03301e 2248.3567 P( 95)-R( 93) 250
03311f 03301f 2248.3567 P( 98)-R( 96) 250
01121e 01111e 2248.3618 P(100)-R( 92) 245
01121f 01111¢ 2248.3618 P( 87)-R( T71) 245
11111e 11101e 2250.6054 P( 97)-R( 83) 245
11111f 11101¢f 2250.6054 P(100)-R( 8L) 245
200

R e

[
),
kA
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Transition

Isotope (em™ ! )

Band Center

Range of
Measurement

Page

11112f
02211e
02211f
. 00021
& 10012
10011
01111e
01111f
00011

02211e
02211f
10011
10012
01111e
01111f
00011

02211e
02211f
10011
10012
01111e
ot111f
00011

02211e
02211¢f
10011
10012
01111e
01111f
00011

00011

11102f
02201e
02201f
00011
10002
10001
01101e
01101f
00001

02201e
02201f
10001
10002
01101e
01101¢f
00001

02201e
02201f
10001
10002
01101e
01101f
00001

02201e
02201f
10001
10002
01101e
01101f
00001

00001

13C160

12C180

120160180

2250.6931
2260.0500
2260.0500
2260.0617
2261.9102
2262.8486
2271.7604
2271.7604
2283.4874

2

2242.8075
2242.8075

)13C16o180 2245.2726

2245.4960
225u4.3803
2254.3803
2265.9719

2289.5689
2289.5689
2290.9720
2294.8795
2301.7996
2301.7996
2314.0489

2

2307.3830
2307.3830
2309.2898
2311.7151
2319.7380
2319.7380
2332.1127

13160174 2274.0884

P(102)-R(102)
P(113)-R(107)
P(116)-R(112)
P(122)-R(122)

P( 86)-R( 75)
PC 77)-R( T4)
P( 83)-R( 81)
P( 84)-R( 80)
P( 94)-R( 94)
P( 99)-R(101)
P(106)-R(100)

P( 94)-R( 72)
P(101)-R( 69)
P( 98)-R( 54)
P( 98)-R( 88)
P(111)-R(101)
P(122)-R(102)
P(128)-R(106)

P(100)-R( 92)
P( 96)-R( 98)
P(100)-R( 98)
P(103)-R( 92)
P(113)-R(113)
P(111)-R(105)
P(119)-R(117)

P( 73)-R( 80)

247
231
231
243
228
229
225
225
224

257
257
253
253
255
255
233

231
231
229
228
225
225
224

240
240
238
238
236
236
233

259
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. The 2.8 pm Bands Included in Line Listing 1
NN
Y \-.UJ
2 poRs
3 o
'_:_'._‘ Band (_3t1enter- Range of on ;s
' e s ge
- Transition Isotope (em ) Measurement -
- 12212e 02201e 3552.8568 P( 46)-R( 50) 276 .
o 12212f 02201f 3552.8568 P( 41)-R( 43) 276 _
o 20013 10002 3568.2165 P( 56)-R( 60) 273 e
- 11112e 01107e 3580.3265  P( 57)-R( 65) 274 o
11112f 01101f 3580.3265 P( 70)-R( T4) 27U R
20012 10001 3589.6520 P( 56)-R( 52) 274
10012 00001 3612.8416 P( 82)-R( 86) 272
20012 10002 12 16. 3692.4278 P( 62)-R( 64) 273
20011 10001 C 70, 3711.4776 P( 56)-R( 58) 274 Rty
21111e 11101e 3713.7218 P( 39)-R( 35) 2717 L
21111F 11101f 3713.7218 P( 40)-R( 40) 2717 e
10011 0000t 3714.7825 P( 84)-R( 86) 272 NS
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